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A b s t r a c t 
HIBALL - A Conceptual Heavy Ion Beam D r i v e n F u s i o n Reactor Study 
A p r e l i m i n a r y concept f o r a heavy-ion beam d r i v e n i n e r t i a l c o n f i -
nement f u s i o n power p l a n t Is pre s e n t e d . The h i g h r e p e t i t i o n r a t e 
of the RF a c c e l e r a t o r d r i v e r i s u t i l i z e d to serve f o u r r e a c t o r 
chambers a l t e r n a t l n g l y . In the chambers a no v e l f i r s t - w a l l p r o t e c 
t i o n scheme i s used. At a t a r g e t g a i n of 83 the t o t a l net e l e c t r i 
c a l output i s 3 . 8 GW. The r e c i r c u l a t i n g power f r a c t i o n i s below 
1 5 * . 
The main g o a l of the comprehensive HIBALL study (which i s c o n t i n u 
ing) i s to demonstrate the c o m p a t i b i l i t y of the design of the 
d r i v e r , the t a r g e t and the r e a c t o r chambers. Though p r e l i m i n a r y , 
the present d e s i g n i s e s s e n t i a l l y s e l f - c o n s i s t e n t . T e n t a t i v e c ost 
e s t i m a t e s are g i v e n . The cost s compare w e l l w i t h those found i n 
s i m i l a r s t u d i e s on oth e r types of f u s i o n r e a c t o r s . 
Zusammenfassung 
HIBALL - Eine K o n z e p t s t u d i e für ein e n durch S c h w e r i o n e n s t r a h l e n 
g e t r i e b e n e n F u s i o n s r e a k t o r 
Es wird e i n vorläufiges Konzept für e i n Trägheitsfusionskraftwerk 
mit S c h w e r i o n e n s t r a h l t r e i b e r v o r g e s t e l l t . Die hohe P u l s f o l g e -
frequenz des T r e i b e r s vom HF-Beschleuniger-Typ wird ausgenutzt, 
um v i e r Reaktorkammern abwechselnd zu bedienen. In den Kammern 
wird eine n e u a r t i g e Technik zum Schutz der e r s t e n Wand e i n g e -
s e t z t . B e i einem Target-Energiegewinn von 83 beträgt d i e e l e k t r i -
sche Nett o - G e s a m t l e i s t u n g 3 . 8 GW. Der r e z i r k u l i e r e n d e 
L e i s t u n g s a n t e i l l i e g t u nter 15%. 
H a u p t z i e l der umfassenden HIBALL-Studie ( d i e f o r t g e s e t z t wird) 
i s t es, d i e Verträglichkeit der Entwürfe für T r e i b e r , Target und 
Reaktorkammern nachzuweisen. Obwohl vorläufig, i s t der v o r l i e g e n -
de Entwurf im w e s e n t l i c h e n k o n s i s t e n t . Es werden vorläufige 
Kostenschätzungen angegeben. Die Kosten s i n d gut v e r g l e i c h b a r mit 
denen, d i e i n ähnlichen Stu d i e n für andere Typen von F u s i o n s r e a k -
t o r e n gefunden wurden. 
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VI Cav i ty Design 
V I . l General Requirements, D e s c r i p t i o n , and Reference Parameters 
V I . 1.1 Requirements 
The requirements imposed on the design of the c a v i t y for HIBALL are 
determined by a number of sometimes c o n f l i c t i n g c o n s i d e r a t i o n s . A s t r i c t 
d e f i n i t i o n of the c a v i t y i s that part of the chamber i n s i d e the f i r s t mater ia l 
w a l l . For the purposes of t h i s sec t i on the d e f i n i t i o n i s expanded to i nc lude 
the e n t i r e chamber i n c l u d i n g r e f l e c t o r s , s h i e l d s , and the top and bottom 
p o r t i o n s . The bas ic requirements a r e : (1) the c a v i t y be able to d i s s i p a t e the 
energy from the ta rget in a coolant opera t ing at temperatures cons i s ten t with 
mater ia l requirements and the necess i t y to produce steam s u i t a b l e fo r oper -
a t i o n of a steam tu rb ine dr iven genera to r , (2) the atmosphere in the c a v i t y be 
such that the heavy ion beam can be focussed on the t a r g e t , (3) the system be 
main ta inab le in a reasonable f a s h i o n , (4) the system be able to breed t r i t i u m 
at a breeding r a t i o g reater than or equal to u n i t y , (5) the t r i t i u m be r e -
coverab le without undue accumulat ion of t r i t i u m in the breeding m a t e r i a l , and 
(6) the dose rate outs ide the s h i e l d i n g be at an acceptab le l e v e l . 
The two requirements which have the grea tes t impact are the need to 
d i s s i p a t e the ta rget energy and propagate the beam through the chamber to the 
t a r g e t . The fus ion y i e l d of the HIBALL target i s 400 MJ and the r e p e t i t i o n 
rate i s 5 Hz, y i e l d i n g a fus ion power of 2000 MW per chamber. The time de-
pendent neut ron ics s tud ies reported in sec t ion V I . 3 . 4 i n d i c a t e that because of 
endothermic reac t ions in the ta rget the actual energy a v a i l a b l e i s s l i g h t l y 
l e s s , i . e . 396 MJ /sho t . Of these 396 MJ, 285 MJ i s c a r r i e d by neutrons of 
average energy of 12 MeV, 90 MJ i s conta ined in X-rays emit ted from the t a r -
g e t , and 21 MJ by the ta rget d e b r i s , i . e . He, unburned D and T, Pb, and L i . A 
very small amount appears as high energy gamma r a d i a t i o n . This means that a l -
V I . 1-2 —10 — 
though the greates t part of the energy i s c a r r i e d by the neutrons and t h e r e -
fo re i s v o l u m e t r i c a l l y deposi ted in the blanket m a t e r i a l s , a s i g n i f i c a n t 
amount, v i z . HI MJ, i s in a form that would be deposi ted on or very near the 
sur face of any mater ia l surrounding the t a r g e t . 
VI.1.2 INPORT Concept 
A p e r s i s t a n t t echn i ca l problem in the I n e r t i a l Confinement Fusion (ICF) 
f i e l d has been the p ro tec t i on of the f i r s t load bear ing wal Is from ta rge t 
d e b r i s , x - r a y s , and neut rons. Var ious schemes have been proposed in the pas t : 
s w i r l i n g 1 i qu id metal p o o l s ^ ) , wetted w a l l s t 2 ' 3 ' 4 ' 5 ) , magnetic p r o t e c t i o n ^ ) , 
gaseous p r o t e c t i o n ^ ) , dry wal l a b l a t i v e s h i e l ds ( 8 - 1 1 ) s and f ree fa l 1 ing 
sheets of 1 iqu id m e t a l s ( 1 2 " 1 5 ) . None of these schemes have been complete ly 
s a t i s f a c t o r y , but the l i q u i d metal p ro tec t i on scheme, HYL IFE ( 1 5 ) , seems to be 
the best developed thus f a r . 
One disadvantage with the HYLIFE scheme i s the disassembly of the l i q u i d 
metal columns a f t e r each shot and the need to r e e s t a b l i s h the stream before 
the next ta rge t can be i n j e c t e d . This r e s u l t s in smal1 AT, high r e c i r c u l a t i o n 
r a t e s , and 1 arge pumping powers, e s p e c i a l l y fo r the Pb-L i a l l o y s . I d e a l l y , 
one would l i k e to develop a scheme which would slow down the f low of l i q u i d 
metal so that i t can absorb the energy of severa l shots before e x i t i n g the 
r e a c t o r . 
Such a scheme was developed in l a t e 1979 fo r the HIBALL p r o j e c t . The 
bas is of t h i s new design i s the use of woven SiC tubes which are f l e x i b l e , 
s u f f i c i e n t l y s t r o n g , compat ib le with Pb-L i a l l o y s used in HIBALL, and porous 
enough to al1ow 1 iqu id to cover the sur face whi le the bulk of the f l u i d f lows 
down the center of the tube ( F i g . V I . 1 - 1 ) . This idea i s c a l l e d the INPORT 
concept , s tanding fo r the Inh ib i t ed Flow - Porous Tube Concept. The f i l m 
th i ckness of roughly 1 mm i s s u f f i c i e n t to absorb the energy from x - rays and 
VI .1 -3 —11 — 
Figure V I .1 -1 
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t a rge t deb r i s wh i le severa l banks of tubes prov ide enough Pb -L i a l l o y to con-
s i d e r a b l y moderate the neutron f l u x and reduce the t o t a l damage and damage 
ra te i n the f i r s t wal l ( F i g . V I . 1 - 2 ) . 
A schematic of how the porous tube s t r u c t u r e f i t s i n t o the HIBALL chamber 
design i s g iven i n F i g . V I .1 -3 and the o v e r a l l chamber des ign i s shown in F i g . 
V I . 1 - 4 . A few of the major opera t ing parameters are g iven below: 
Tube r a d i u s , cm (Number) - inner rows 1.5/(1230) 
- outer rows 5/(3070) 
I n l e t / o u t l e t temp, of P b ß ß L i ^ 330/500°C 
Max. f low v e l o c i t y ( f ron t tube) 5 m/s 
Target y i e l d x f requency of shots 400 MJ x 5 Hz 
Energy f l u x to f i r s t Pb-L i su r face 35 J / c m 2 
Condensation t ime to 1 0 " 5 t o r r (at RT) 0.15 sec 
dpa in HT-9 FW per FPY w/o INPORT u n i t s 21 
dpa in HT-9 FW per FPY wi th INPORT un i t s 2.7 
It i s c l e a r that the INPORT concept enhances the promise of ICF reac to r s and 
i t should remedy one of the more se r i ous drawbacks of the HYLIFE concept , the 
d isassembly a f t e r each shot . The res t of t h i s s e c t i o n w i l l d i s c u s s , i n more 
d e t a i l , how the INPORT concept f i t s i n to the HIBALL d e s i g n . 
V I . 1 . 3 Mechanical D e s c r i p t i o n of Cav i t y 
The c a v i t y i s an upr ight c y l i n d e r wi th i n t e r n a l dimensions of 11.5 m 
height on ax i s and 10 m in d iameter , F i g . V I . 1 - 4 . From the cen ter and outward 
i n a l l d i r e c t i o n s , the c a v i t y i s c h a r a c t e r i z e d by th ree d i s t i n c t zones, the 
b l a n k e t , r e f l e c t o r and s h i e l d . In the v e r t i c a l s ides of the c a v i t y , the 
b lanket c o n s i s t s o f a 2 m t h i c k zone of SiC tubes through which L i 1 7 P b 8 3 i s 
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c i r c u l a t e d , F i g . V I . 1 - 3 . It i s f o l 1 owed by a r e f l e c t o r zone made of HT-9 
which i s 40 cm t h i c k and f i n a l l y by the s h i e l d , which i s p r i m a r i l y concre te 
and i s 3.5 m t h i c k . The top of the c a v i t y has wedge shaped b lanket modules, 
50 cm t h i c k which are a l so f i 11ed wi th L i 1 7 P b 8 3 . They too are fo l lowed by 40 
cm of HT-9 r e f l e c t o r and a 3.5 m concre te s h i e l d . The bottom of the c a v i t y 
has a pool of L i 1 7 P b 8 3 one meter t h i c k , fo l lowed by a 40 cm th i ck r e f l e c t o r 
which has holes in i t to a l l ow the coo lan t t o d ra i n out . A catch bas in then 
d i r e c t s the f low to an o u t l e t tube through which i t i s pumped to the steam 
genera to r . The res t of the mate r ia l that fol1ows i s a concre te s h i e l d . 
The top of the c a v i t y has a unique d e s i g n . Although the b lanket modules 
are designed to stay s t a t i o n a r y , the r e f l e c t o r and s h i e l d i s capable o f be ing 
ro ta ted about the cen t ra l a x i s . Th is i s needed to prov ide access to the 
b lanket modules f o r replacement and w i l l be d iscussed f u r t h e r i n Chapter IX . 
The upper b lanket modules are locked to the r e f l e c t o r by means of studs which 
f i t i n m i l l e d s l o t s . During reac to r opera t ion when the modules are f i l l e d 
wi th L i 1 7 P b 8 3 , the stud l a t ches are actuated and the modules are locked to the 
r e f l e c t o r . However, dur ing s e r v i c i n g when the modules are dra ined of a l l the 
breeding m a t e r i a l , the stud l a t ches are d e - a c t i v a t e d . At t h i s t ime the 
b lanket modules are only supported on the outer per iphery and in the cen te r o f 
the c a v i t y , where they are at tached to a cen t ra l hub. Th is makes i t p o s s i b l e 
to ro ta te the r e f l e c t o r and s h i e l d wh i le the b lanket modules remain s t a t i o n -
a r y . 
The c a v i t y i s sea led to the ou ts ide by a l i n e r which i s welded to the 
r e f l e c t o r at the upper end of the c a v i t y . A c i r c u m f e r e n t i a l weld (or s e a l ) 
between the 1 ine r on the s t a t i o n a r y part o f the top s h i e l d and the r o t a t a b l e 
part main ta ins the c a v i t y atmosphere dur ing o p e r a t i o n . 
At the j u n c t i o n between the top b lanket modules and the SiC tubes , there 
are 30 a p e r t u r e s , 65 cm high and 1.2 m wide. These are the vacuum system 
p o r t s . The vacuum ducts which are concealed from d i r e c t l i n e of s igh t of 
neutrons lead to pumping s ta t i ons loca ted in the upper corner of the reac to r 
c a v i t y . These pumps are used to evacuate the c a v i t y p r i o r to opera t ion and to 
pump the non-condensable gases, such as the hydrogen spec ies and the he l ium. 
The pumping system i s d iscussed fu r the r in sec t i on V I . 5 . 
There are 20 beam ports in each c a v i t y . Each two beams come in at + 16° 
to the h o r i z o n t a l , spaced at 36° c i r c u m f e r e n t i a l l y . The blanket i s d i v i ded in 
such a way that every t h i r d module has two beam ports b u i l t i n . At the f i r s t 
sur face (5 m rad ius) the beam ports are 23 cm wide and 74 cm h igh . D i s t r i -
but ion mani fo lds surround the beam tubes such that the SiC tubes are at tached 
to them on the top and bottom. Each beam t ranspor t l i n e i s at tached to the 
c a v i t y at the point of entry and c o n s t i t u t e s the vacuum i n t e r f a c e between the 
c a v i t y and the beam handl ing system. 
V I . 1 . 4 Chamber Parameters 
Table V I . 1-1 presents reference parameters which have been used as a 
bas is for the c a l c u l a t i o n s in the f o l l ow ing sec t i ons of t h i s chap te r . These 
values were chosen on the bas is o f : (1) d e f i n i n g the nature and ro le of the 
system, (2) cons is tency wi th known ma te r i a l s c h a r a c t e r i s t i c s of var ious par ts 
of the system, or (3) as a r esu l t of previous c a l c u l a t i o n s . A more d e t a i l e d 
parameter set i s given in Appendix A. 
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Table V I .1 -1 
Cav i t y and INPORT Region 
Neutron energy/shot (MJ) 285 
X-ray energy/shot (MJ) 90 
Debr is energy/shot (MJ) 21 
Gamma energy/shot (MJ) < 1 
Cav i t y shape c y l i n d r i c a l 
Cav i t y diameter to vacuum wal l (m) 14 
Cav i t y height at center (m) 11.5 
Coolant and breeding mate r ia l p b 8 3 L i 1 7 ( n a t u 
INPORT tube s t r u c t u r a l mater ia l SiC 
INPORT region support s t r u c t u r e HT-9 
F i r s t sur face radius (m) 5 
INPORT tube region packing f r a c t i o n 0.33 
INPORT tube length (m) 10 
INPORT tube diameter (cm) 
Fi r s t two rows 3 
Remainder 10 
Number of f i r s t row tubes 1230 
Number of remaining tubes 3060 
Number of Beam penet ra t ions 20 
Total area of beam penet ra t ions at the 
f i r s t sur face (m2) 3.6 
Pb atom dens i t y (x 1 0 " 1 0 atom/cm 3) 
j u s t before shot 4 
Noncondensible atom dens i ty at 500°C 
(x 1 0 - 1 0 atoms/cm 3 ) 0.13 
Chamber top th i ckness (m) 0.5 
Coolant volume f r a c t i o n 0.97 
Bottom region th i ckness (m) 1 
Coolant volume f r a c t i o n 1 
Vacuum Wall ( f i r s t mater ia l wa l l ) 
S t r u c t u r a l mater ia l HT-9 
Ins ide diameter (m) 14 
Thickness (m) 0.01 
VI .1-11 
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Table V I .1 -1 (cont inued) 
Ref l ec to r 
S t r u c t u r a l mate r ia l 
Cool ant 
Coolant volume f r a c t i o n 
Ins ide diameter (m) 
Th ickness (m) 
Sh ie ld 
S t r u c t u r a l Ma te r i a l 
Coolant 
Coolant volume f r a c t i o n 
Ins ide diameter (m) 
Thickness (m) 
Pb«c jL i 1 7 Coolant 
I n l e t temperature (°C) 
Out le t temperature (°C) 
Pressure (MPa) 
HT-9 




Concrete (unre in fo rced) 
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VI .2 Impulse Response of INPORT Tubes 
V I .2 .1 Impulse C h a r a c t e r i z a t i o n 
When the PbLi i s vapor ized by the t a rge t generated X - r a y s , a r e a c t i v e 
impulse imparts r a d i a l a c c e l e r a t i o n to the f i r s t two rows of the tube bank. 
One can c o n s e r v a t i v e l y es t imate the bulk k i n e t i c energy of the vapor ized f l u i d 
to be equal to the thermal energy o f the gas . 
(3/2) ( M n a c / m . ) k R T = (1/2) M n a c V 2 (V I .2 -1 ) v ' ' x gas' i o n 7 B gas v ' gas 
Here the l e f t - h a n d - s i d e represents the thermal energy o f the gas which i s 
equal to the depos i ted X - ray energy l e s s the energ ies of i o n i z a t i o n and 
v a p o r i z a t i o n . The bulk v e l o c i t y o f the gas i s denoted by V wh i le m i o n 
represen ts the average mass of ions i n the gas . For the case of 87.6 MJ of X-
ray energy and 13.3 kg of vapor ized P b L i , T g a s = 1.26 eV. The r e a c t i v e 
impulse equals M g a s V . 
A I " M g a s ( 3 k B T g a s / m i o n > 1 / 2 
(V I .2 -2 ) 
= 1.89 x 10 9 dyne-sec . 
Th is can a l so be expressed as an impu ls ive pressure per un i t su r face a r e a . 
AP = 600 dyne-sec /cm 2 (V I .2 -3 ) 
The preceding est imate i s conse rva t i ve s i nce i t i s assumed tha t a l l vapor ized 
atoms are i n i t i a l l y moving towards the cen te r o f the c a v i t y wi th t h e i r thermal 
v e l o c i t y . Th is w i l l c l e a r l y overes t imate the r e a c t i v e impulse. 
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V I . 2 .2 S t i f f e n e d INPORT Tubes 
V I . 2 . 2 . 1 General C h a r a c t e r i z a t i o n 
Both s t i f f e n e d and u n s t i f f e n e d s i l i c o n ca rb ide tubes were cons idered f o r 
the INPORT u n i t s . In the former case the woven tubes are r i g i d i z e d wi th a SiC 
b inder or mat r i x but w i th a porous w a l l . Such members r e s i s t t r ansve rse 
load ing by f l e x u r a l a c t i o n , not u n l i k e s t r u c t u r a l beams. A general formu-
l a t i o n i s developed f o r s t r e s s e s , d e f l e c t i o n s and f r e q u e n c i e s . For uni form 
impu ls ive p ressu re , des ign data i s presented which i d e n t i f i e s the b a s i c 
mechanical c h a r a c t e r i s t i c s o f these e lements . 
V I . 2 . 2 . 2 Dynamic A n a l y s i s 
The p r i n c i p l e equat ion of motion governing the t ransve rse v i b r a t i o n o f 
the tube i s g iven by 
E l 8 4 y ( x , t ) / 3 x 4 + m 8 2 y ( x , t ) / 8 ? = p (x , t ) (V I .2 -4 ) 
where E = e l a s t i c modulus 
I = c ross s e c t i o n moment o f i n e r t i a 
fn = mass per un i t length 
p ( x , t ) = dynamic pressure ( f o r ce per un i t length) 
t = t ime 
y ( x , t ) = t ransve rse d isp lacement . 
The coord ina te system and load ing are shown on a t y p i c a l span of tub ing i n 
F i g . V I . 2 - 1 . 
To determine the natura l f requenc ies o f the tube, the ex te rna l load i s 
set equal to z e r o , r e s u l t i n g in the d i f f e r e n t i a l equat ion f o r f ree v i b r a t i o n . 
A s o l u t i o n o f the form 
V I . 2 - 3 
. 2 4 . 
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y ( x , t ) = * (x ) Y( t ) (V I .2 -5 ) 
i s s u b s t i t u t e d in to Eq. V I . 2 - 4 , l ead ing to 
E I d \ ( * ) = 1 d 2 Y ( t ) ^ ( . 
m « ( x ) ( ] 
With x and t being independent v a r i a b l e s , the preceding equat ion can be s a t i s -
f i e d only i f both s ides are set equal to a cons tan t , producing two o rd i na ry 
d i f f e r e n t i a l equa t ions . Choosing co2 f o r t h i s cons tan t , these equat ions w i l l 
have s o l u t i o n s of the form 
Y( t ) = C j s i n wt + C 2 cos wt (V I .2 -7 ) 
* (x) = A s i n ax + B cos ax + C s inh ax + D cosh ax (V I .2 -8 ) 
where 
4 - 2 
a = m a) /E I . 
The tubes would be cont inuous through any in te rmed ia te suppor t , i f pro-
v i d e d , wi th the deformed shape f o r any span c h a r a c t e r i z e d by zero s lope change 
and zero d e f l e c t i o n at each end. Thus, the boundary c o n d i t i o n s are 
y ( o , t ) = y (a , t ) = 0 
3 y ( o , t ) / 3 x = 3 y ( * , t ) / 3 x = 0 . 
(V I .2 -9 ) 
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With these and Eq. V I .2 -8 the f o l l o w i n g t ranscendenta l equat ion i s o b t a i n e d . 
cos a*, cosh az = 1 (V I .2 -10) 
Th is equat ion generates an i n f i n i t e number o f d i s c r e t e e i genva lues , 
a n ( n = l , 2 , 3 , . . . ) , which are obta ined numer i ca l l y and are r e l a t e d to the na tu ra l 
f requenc ies oon by 
ü)n = a 2 ( E I / m ) 1 / 2 n = 1 ,2 ,3 , . . . (V I .2 -11) 
Corresponding to each natura l f requency i s a c h a r a c t e r i s t i c shape or 
e i gen func t i on 
<fn(x) = C n [ ( A p / B n ) ( s i n h a p x - s i n a n x ) + cosh a n x - cos a n x ] (V I .2 -12) 
where 
A n / B n = (cos a n £ - cosh a n £ ) / ( s i n h a^z - s i n a t ) 
and C n i s an a r b i t r a r y cons tan t . 
A f t e r the mode shapes and f requenc ies have been determined, a modal-
supe rpos i t i on method of a n a l y s i s can be used to so lve f o r the dynamic response 
o f the fo rced v i b r a t i o n . Thus, any d isplacement can be expressed by super-
imposing appropr ia te ampl i tudes of the v i b r a t i o n mode shapes f o r the 
s t r u c t u r e . This can be w r i t t e n as 
y ( x , t ) = I $ n ( x ) Y n ( t ) (V I .2 -13) 
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Using an energy s o l u t i o n , Lagrange 's equat ion i s app l i ed to the system 
e 
d [ 3 K / 3 Y n ( t ) ] / d t + 3U /3Y n ( t ) = 9 f 2 e / 3 Y n ( t ) (V I .2-14) 
where K = t o t a l k i n e t i c energy 
U = t o t a l f l e x u r a l s t r a i n energy 
ae = ex te rna l work 
and (•) denotes d i f f e r e n t i a t i o n wi th respec t to t ime , t . The k i n e t i c energy 
f o r the e n t i r e system i s g iven by 
K = (1/2) m / * y ( x . y ) 2 dx 
= (1/2) m fal • (x) U t ) ] 2 dx 
0 n n n (V I .2 -15) 
- (1/2) i I Y 2 ( t ) / * * 2 ( x ) dx 
n 
where m i s cons idered to be constant over the span and o r t h o g o n a l i t y o f the 
mode shapes has been u t i l i z e d . 
The work done by ex te rna l f o rces i s 
ß e = / o p ( x » t ) y ( x » t ) d x 
a (VI .2-16) 
= ! 0 P ( x , t ) 11 • (x) Y ( t ) ] dx . 
n 
Cons ider ing p ( x , t ) = P(x) f ( t ) , where P(x) i s the s p a t i a l load d i s t r i b u t i o n 
and f ( t ) i s the t ime f u n c t i o n , the ex te rna l work becomes 
— 28 — 
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S u b s t i t u t i n g in to Eq. VI .2-14 y i e l d s 
m Y n ( t ) SZQ $ 2 ( x ) dx = 3U /3Y n ( t ) = f ( t ) / J P(x) * n ( x ) dx 
or (VI .2-17) 
Y n ( t ) = u,2 Y n ( t ) = f ( t ) j j P(x) * n ( x ) dx/m / J $ 2 ( x ) dx . 
E l i m i n a t i n g the t ime dependency, the modal s t a t i c d e f l e c t i o n can be 
de f ined as f o l l o w s . 
To determine the dynamic response, the s t a t i c response i s m u l t i p l i e d by the 
dynamic load f a c t o r (DLF). More d e s c r i p t i v e l y t h i s cou ld be i d e n t i f i e d as a 
dynamic load f u n c t i o n , rep resen t ing the t ime f unc t i on o f the load ing f o r an 
equ iva len t s i n g l e degree of freedom system. Add i t i ona l d e t a i l s on t h i s can be 
found in Reference (1 ) . The t o t a l d e f l e c t i o n at any po int i s g iven by 
Y. n s t = j j P(x) * n ( x ) dx/m a,
2 J * #2(x) dx . (V I .2-18) 
y ( x , t ) = I * n ( x ) Y n st (DLF) n 
(VI .2-19) 
n 
The dynamic bending moment can be determined from 
M(x , t ) = EI 3 2 y ( x , t ) / 3 x 2 = EI X Y n s t d 2 $ n ( x ) / d x 2 DLF n . (V I .2 -20) 
The f l e x u r a l s tess in the tube i s 
a ( x , t ) =.M(x,t) R 0 / I = ER o I Y p s t d 2 $ n ( x ) / d x 2 (DLF) n . (V I .2 -21) 
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Here R Q represents the outer rad ius and the s t r e s s i s assoc i a t ed wi th po in t s 
at the outer s u r f a c e . 
V I . 2 . 2 . 3 Quan t i t a t i ve Resu l t s 
The preceding work i d e n t i f i e s p r i n c i p l e equat ions f o r s t i f f e n e d tube 
response. Complete d e t a i l s were incorpora ted i n t o a computer program f o r the 
de te rmina t ion o f numerical v a l u e s . 
The fundamental f requency curves are shown as f unc t i ons o f tube leng th 
f o r va r ious r a d i i and th i cknesses in F i g s . V I . 2 - 2 , 2-3 and 2 - 4 . These i nc l ude 
the mass of the P b L i . It can be seen tha t f o r lengths g rea te r than 800 cm, 
f requenc ies are very low and r e l a t i v e l y cons tan t . For leng ths l e s s than 200 
cm, the fundamental f requenc ies r i s e very q u i c k l y . To avoid resonance, these 
r e s u l t s i n d i c a t e that the e f f e c t i v e length (between suppor ts) should be con -
s i d e r a b l y l e s s than the fu l 1 leng th o f 10 m. F igu re V I . 2 -5 shows d e f l e c t i o n 
r e s u l t s based upon a dynamic load f a c t o r o f un i t y f o r a s i n g l e impulse, i . e . , 
resonance i s not cons ide red . As the tube th i ckness and inner rad ius decrease , 
e . g . , 1 mm x 1.5 cm, the t r ansve rse d isp lacements r i s e very r a p i d l y . S i m i l a r 
e f f e c t s can be expected f o r f l e x u r a l s t r e s s e s . In F i g . V I . 2 - 6 , the va lue pre-
d i c t e d f o r an INPORT un i t w i th a r a d i u s , t h i ckness and leng th of 1.5 cm, 1 mm, 
and 10 m i s unacceptably h i g h . 
Natura l f requenc ies can be r a i s e d s u b s t a n t i a l l y above the r e p e t i t i o n ra te 
wh i le d e f l e c t i o n s and s t r esses are reduced i f an in te rmed ia te support mecha-
nism i s employed. F igu re V I .2 -7 i s a conceptual r ep resen ta t i on f o r a r i n g 
support which sus ta i ns the r a d i a l impu ls ive fo rces by s e i f - e q u i l i b r a t e d c i r-
cumfe ren t ia l t e n s i l e s t r e s s e s . Such a des ign prec ludes the n e c e s s i t y to 
t ransmi t t h rus t to the outer w a l l . Small r a d i a l d imens ions , as impl ied by the 
s k e t c h , would gene ra l l y be important to reduce thermal s t r e s s e s caused by 
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r a d i a l temperature g r a d i e n t s . Ac t i ve p r o t e c t i v e c o o l i n g would s t i l l be e s -
s e n t i a l . 
A combinat ion o f reasons l ed the d e c i s i o n to use u n s t i f f e n e d ra the r than 
s t i f f e n e d SiC tubes f o r the INPORT u n i t s . In the l a t t e r c a s e , the geometry i s 
t ha t o f a somewhat d e l i c a t e s t r u c t u r e r e q u i r i n g e x t r a ca re in f a b r i c a t i o n and 
hand l i ng . The a n a l y s i s has shown tha t resonance, l a rge d e f l e c t i o n s and 
s t r e s s e s are p o t e n t i a l problems wi thout supplementary s t r u c t u r a l support which 
of course i s another a d d i t i o n to comp lex i t y . The s t i f f e n e d tubes a l so i n v o l v e 
untested manufactur ing techniques and unknown a d d i t i o n a l expenses as w e l l . By 
compar ison, u n s t i f f e n e d tubes do not appear to have such d isadvantages wh i le 
possess ing inherent d e s i r a b l e f e a t u r e s . The i r mechanical response cha rac te r -
i s t i c s are d iscussed in the work which f o l l o w s . 
V I . 2 . 3 Mechanical Response of Uns t i f f ened INPORT Tubes 
V I . 2 . 3 . 1 General C h a r a c t e r i s t i c s 
The term " u n s t i f f e n e d " used here denotes a tube woven from s i l i c o n ca r -
bide f i b e r s a lone . The wal l i s p l i a b l e and porous, e s s e n t i a l l y c l o t h - l i k e . A 
smal l percentage of f i b e r s w i l l run a x i a l l y i n the wa l l to enhance the t e n s i l e 
load c a r r y i n g c a p a c i t y . 
As s t r u c t u r a l members, such un i t s r e s i s t l a t e r a l l oad ing by t e n s i l e fo rce 
ac t i on a lone , i . e . , having n e g l i g i b l e shear and bending r e s i s t a n c e . For the 
dynamic response, d i s s i p a t i o n i s accounted f o r by i n c l u d i n g v iscous damping in 
the system. In the work which f o l l o w s , two support modes are cons idered sepa-
r a t e l y . The f i r s t i nvo l ves suspension from the upper end wi th the lower f r ee 
to move wh i le the second has the bottom end cons t ra ined i n a d d i t i o n . 
V I . 2 . 3 . 2 E q u i l i b r i u m Equat ions and V i b r a t i o n Modes-One Po in t Suspension 
The no ta t i on and coord ina te system f o r the e q u i l i b r i u m equat ions i s shown 
i n F i g . V I . 2 - 8 . On the element, T represents the tens ion w h i l e p and g denote 
INPORT TUBE EQUILIBRIUM NOTATION 
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the mass dens i t y per un i t length and the g r a v i t a t i o n a l cons tan t , r e s p e c t i v e l y . 
At a gener ic l o c a t i o n x , the l a t e r a l d isp lacement component i s taken to be y . 
For response c h a r a c t e r i z e d by small s lope changes, e q u i l i b r i u m in the a x i a l 
d i r e c t i o n requ i res the tens ion grad ien t to be equal to the weight per un i t 
1ength, 
dT/dx = P g 
or (VI .2-22) 
T = P g x 
from the c o n d i t i o n that the tens ion i s zero at the lower end. In the t r a n s -
verse d i r e c t i o n , the e q u i l i b r i u m statement can be reduced to 
T 30 /9X + P g o = p 9 2 y / 9 t 2 (VI .2-23) 
i n which t denotes t ime . The two preceding equat ions can be combined in to 
x 9 2 y / 9 x 2 + 9 y / 9 x = 9 2 y / g 9 t 2 . (VI .2-24) 
C h a r a c t e r i s t i c s o l u t i o n s may be developed by t a k i n g the d isplacement as a 
product o f f unc t i ons i n the v a r i a b l e s : X(x) T ( t ) . Thus 
T/gT = xX'VX + X ' / X = - A 2 . (VI .2-25) 
It f o l l ows that the s o l u t i o n f o r the t ime-dependent component i s 
T = A cos x/gt + B s i n x /g t (V I .2 -26) 
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where A, A and B are c o n s t a n t s . The equat ion f o r the s p a t i a l component i s o f 
the form 
( x r y ' ) ' + ( a x s + b x r " 2 ) y = 0 
the s o l u t i o n of which can be expressed i n terms of Bessel Funct ions of the 
f i r s t and second k i n d , J v and Y v . In general the parameters and s o l u t i o n are 
a = ( l - r ) / 2 Y = ( 2 - r + s ) / 2 
k = 2 |a 1 1 / 2 / (2 - r+s ) 
v = [ ( 1 - r ) 2 - 4 b ] 1 / 2 / ( 2 - r + s ) 
y = x a [ C J v ( k x Y ) + D Y v ( k x Y ) ] 
where C and D are a r b i t r a r y cons tan t s . For t h i s s p e c i f i c case 
r = l b = 0 a = A 2 s = 0 
a = 0 Y = l / 2 k = 2A v = 0 . 
Thus 
X = C J o ( 2 A X 1 / 2 ) + D Y Q ( 2 A X 1 / 2 ) (V I .2 -27) 
S ince Y 0 becomes a r b i t r a r i l y l a rge as x tends to ze ro , i t i s necessary to 
de le te t h i s component, or s imply set D equal to z e r o . S a t i s f a c t i o n o f the 
VI .2 -19 — 4 0 -
boundary c o n d i t i o n at the upper support i s a l so necessary . 
y ( £ , t ) = 0 . * . J 0 ( 2 u 1 / Z ) = 0 . 
The roots are 
2 u 1 / 2 = 2.4048, 5.5201, 8.6537, e t c . 
However, the na tura l f requenc ies can be de f ined as 
, 1/2 
w n = X 9 
and thus , f o r example, the fundamental i s 
^ = 1.2024 ( g / £ ) 1 / 2 ( r ad /sec ) 
From t h i s i t can be seen tha t system f requenc ies are determined e s s e n t i a l l y by 
the unsupported l e n g t h . For a length o f 10m, the fundamental f requency i s 
wj = 0.1877 Hz 
The f i r s t ten na tura l f requenc ies are l i s t e d wi th F i g . V I . 2 - 9 . The mode 
shapes cor responding to the f i r s t th ree na tu ra l f requenc ies are a l so shown. 
V I . 2 . 3 . 3 Forced Response - One Po in t Suspension 
The general form f o r the t r ansve rse d isp lacement can be obta ined us ing 
s u p e r p o s i t i o n o f c h a r a c t e r i s t i c s o l u t i o n s . 
V I . 2 - 2 0 —41 — 
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y ( x , t ) = l J 0 ( 2 x m x 1 / 2 ) [ A m c o s ( x m g 1 / 2 t ) + B m s i n U m g 1 / 2 t ) ] (V I .2 -28) 
m=l 
For a s i n g l e impulse the i n i t i a l c o n d i t i o n s are 
y ( x , o ) = 0 3 y ( x , o ) / 3 t = f ( x ) (VI .2-29) 
With these and o r t h o g o n a l i t y o f the s o l u t i o n s , 
Am = 0 Bm = /o f<*> J o ^ l / 2 ^ l / \ io ^ / ' ^ ( V I - 2 " 3 0 ) 
In t h i s work, f ( x ) i s taken as a uni form i n i t i a l v e l o c i t y yQ. Then a f t e r 
e v a l u a t i n g the i n t e g r a l s i n Eq. V I . 2 - 3 0 , the r e s u l t i s 
* m - i 0 ' £ < )^1/2 Ji<2V1 / 2) <VI-2-31' 
Thus the formal s o l u t i o n i s complete f o r the i n i t i a l impulse problem. Numer-
i c a l r e s u l t s are obta ined from a computer program based upon the preceding 
a n a l y s i s . C a l c u l a t i o n s i nc l ude the weight o f the P b L i , the SiC and the outer 
sur face f i l m . 
The d isplacement p r o f i l e f o l l o w i n g an impulse at res t i s i n i t i a l l y very 
un i fo rm. A t y p i c a l r e s u l t i s shown i n F i g . VI .2 -10 at a t ime of 0.20 s e c . 
Th is i s the i ns tan t at which a second impulse would occur i n o p e r a t i o n . How-
ever i f the e x c i t a t i o n i s l i m i t e d to a s i n g l e sho t , and motion al lowed to de-
ve lop f o r l a r g e r va lues o f t ime , the shapes become somewhat complex as shown 
q u a l i t a t i v e l y i n F i g . V I . 2 - 1 1 . The q u a n t i t a t i v e t ime h i s t o r i e s of F i g s . 
V I .2 -12 and V I .2 -13 correspond to t h i s case a l s o . The maximum midpoint and 
t i p d e f l e c t i o n s are approx imate ly 16 and 55 cm, r e s p e c t i v e l y . It was f e l t 
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tha t as t y p i c a l v a l u e s , these d isp lacements were e x c e s s i v e , p a r t i c u l a r l y on a 
s i n g l e shot b a s i s . 
V I . 2 . 3 . 4 A n a l y t i c a l Ou t l i ne - Two Po in t Suspension 
In order to con t ro l d e f l e c t i o n s , i t has been proposed to c o n s t r a i n the 
bottom as wel l as the top of the INPORT tubes . The background a n a l y s i s f o r 
i n which b i s a v iscous damping c o e f f i c i e n t . The i n i t i a l c o n d i t i o n s and 
boundary c o n d i t i o n s are 
t h i s case i s b r i e f l y o u t l i n e d in the work which f o l l o w s . 
The p r i n c i p l e equat ion of motion i s 
3 2 y / 3 t 2 - (T/p) 3 2 y / 3 x 2 + 2b3y/3t = 0 (VI .2-32) 
y ( x , o ) = f ( x ) 3 y ( x , o ) / 3 t = g(x) 
(VI .2-33) 
y(o,t) = o yU.t) = o 
The s o l u t i o n form i s taken as 
y(x,t) = I bn(t) s i n nirx/Ä 
wi th 
f( x) = I f n s i n n i T X / * = I bn(o) s i n nx/A 
(VI .2-34) 
g(x) = I g n s i n mrx/A = I-b (o) s i n mrx/£ 
i . e . , b n ( o ) and b n (o ) are the F o u r i e r c o e f f i c i e n t s o f f ( x ) , g ( x ) . With the 
p reced ing , the s o l u t i o n to Eq . V I .2 -32 can be expressed as 
y ( x , t ) = e " b t I [ f n cos ü n t + ( g n + b f n ) / ( s i n ^ t ) / w n ] s i n mrx/£ . (VI .2-35) 
For a s i n g l e impulse, w i th no i n i t i a l d isp lacement 
V 0 
3 y ( x , o ) / 8 t = g(x) = I ( x ) / P 
where I (x) i s the impulse per un i t l e n g t h . Thus Eq. VI -2-35 becomes 
s i nö) t 
y(x,t) = ( 2 i b t /Qi) I C/J I(u) s1n(mru/A)du] s i n ÜJ* . (V I -2-36) 
% 
I f a more general f o rce i s imposed, F ( x , t ) per un i t l e n g t h , 
y(x.t) - ^ I Ii i l F(u.t) sin JSH sin JSS sin d,du . 
w n 
V I . 2 . 3 . 5 Numerical Resu l t s - Two Point Suspension 
The response o f the INPORT tubes was f i r s t determined f o r a s i n g l e im-
p u l s e , un i fo rmly d i s t r i b u t e d along the l e n g t h . F igures V I .2 -14 - V I .2 -17 show 
the t ime h i s t o r i e s of the midspan d isplacement f o r va r ious l e v e l s o f damping. 
The amount of damping i s expressed as a f r a c t i o n of the s o - c a l l e d c r i t i c a l 
v a l u e , i . e . , the damping c o e f f i c i e n t which would produce n o n - o s c i l l a t o r y 
response. The peak va lues shown f o r a s i n g l e pulse appear accep tab le . 
The program was extended to determine INPORT tubes response under r epe t -
i t i v e impulses at 5 Hz. F igure V I .2 -18 corresponds to " s t a r t up " , w i th the 
i n i t i a l v e l o c i t y and displacement ze ro . At the end of 0.20 sec the v e l o c i t y 
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and displacement f unc t i ons are eva luated and used as s t a r t i n g cond i t i ons wi th 
another uni form impu ls i ve p ressu re . The process i s repeated and c a r r i e d out 
f o r f i f t y sho t s . These curves are f o r the f i r s t f i f t e e n f i r i n g s and show a 
smal l amount o f overshoot w i th eventual s t a b i l i z a t i o n about steady s ta te mean 
v a l u e s . On a r e l a t i v e bas i s the steady s ta te mean ampl i tudes are moderate, 
e . g . , l e s s than 2% of the l e n g t h . The l i m i t i n g case of zero damping i s shown 
f o r comparison in F i g . VI .2-19 along wi th the 20% v a l u e . The l a t t e r i s recom-
mended as a conse rva t i ve es t imate f o r such u n i t s . Whi le t h e o r e t i c a l and 
exper imental va lues f o r m e t a l l i c r eac to r components are much smal le r s i n g l e 
d i g i t percentages, here the tube has a s i g n i f i c a n t na tura l damping c a p a c i t y 
from the woven so f t c o n s t r u c t i o n and the ever present PbLi i n l i q u i d form. A 
l e v e l of 20% i s a r e p r e s e n t a t i v e des ign f i g u r e f o r long span e l e c t r i c a l con-
ductors and t r ansm iss ion l i n e s and i s t y p i c a l o f exper imental measurements 
(Ref 2 ) . 
F i n a l l y the response was determined f o l l o w i n g shutdown. Typ ica l r e s u l t s 
are shown i n F i g . V I .2 -20 i n which the load sequence was stopped a f t e r f i f t y 
s h o t s . Whi le the d isp lacement h i s t o r y i s very smooth, c h a r a c t e r i s t i c of a 
s i n g l e mode, i t should be noted that t h i s r e s u l t i nvo l ves the c o n t r i b u t i o n s o f 
the f i r s t e igh t modes i n the s e r i e s . Such r e s u l t s con f i rm expec ta t ions that 
no unusual c h a r a c t e r i s t i c s develop f o r t h i s s c e n a r i o . 
VI .2 -34 
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VI .3 Neut ron ics and Photon ics 
V I .3 .1 In t roduc t ion 
The neu t ron ics and photon ics a n a l y s i s f o r HIBALL i s presented in t h i s 
s e c t i o n . A one-dimensional s p h e r i c a l geometry a n a l y s i s was performed to 
determine the optimum b lanket des ign which g ives the h ighest p o s s i b l e energy 
m u l t i p l i c a t i o n wi th adequate breeding r a t i o . The b lanket c o n s i s t i n g o f the 
INPORT tubes i s a l so requ i red to p ro tec t the f e r r i t i c s tee l s t r u c t u r e from 
r a d i a t i o n damage. The b i o l o g i c a l s h i e l d i s a l s o des igned . The ac tua l 
c y l i n d r i c a l c a v i t y i s model led i n a d e t a i l e d th ree-d imens iona l neu t ron ics and 
photonics a n a l y s i s . A l l c a v i t y geometr ica l d e t a i l s are inc luded in t h i s 
a n a l y s i s . A t ime-dependent neu t ron ics a n a l y s i s i s a l s o presented to account 
p roper l y f o r the pulsed nature o f the neutron source . This a n a l y s i s y i e l d s 
t ime-dependent r a d i a t i o n damage ra tes which form an important input to mic ro-
s t r u c t u r e e v o l u t i o n c a l c u l a t i o n s . F i n a l l y , the c a l c u l a t i o n s of b lanket and 
s h i e l d r a d i o a c t i v i t y and a f t e rhea t are g i v e n . 
V I . 3 . 2 One-Dimensional Time Integrated Stud ies 
V I . 3 . 2 . 1 I n t roduc t i on 
Neut ron ics and photon ics c a l c u l a t i o n s are requ i red to determine important 
reac to r parameters such as t r i t i u m b reed ing , nuc lear h e a t i n g , and r a d i a t i o n 
damage. In an i n e r t i a l confinement f us i on r e a c t o r , the DT fue l i s heated and 
compressed to extremely high d e n s i t i e s before i t i g n i t e s . Neutron fue l i n t e r -
ac t i ons r e s u l t i n spectrum s o f t e n i n g , neutron m u l t i p l i c a t i o n , and gamma pro-
d u c t i o n . In t h i s s e c t i o n , a c o n s i s t e n t coupled t a r g e t - b l a n k e t neu t ron ics and 
photon ics study o f HIBALL i s g i v e n . The neutron and gamma source f o r b lanket 
c a l c u l a t i o n s was obta ined from the ta rge t neu t ron ics and photonics r e s u l t s 
g iven in s e c t i o n I I I . l . 
VI .3 -2 
The HIBALL b lanket i s requ i red to breed t r i t i u m and conver t the k i n e t i c 
energy o f the f u s i o n r e a c t i o n i n to heat . Fur thermore, the INPORT tubes are 
requ i red to p ro tec t the vacuum wal l and HT-9 s t r u c t u r e in the r e f l e c t o r from 
r a d i a t i o n damage. One-dimensional steady s ta te c a l c u l a t i o n s are performed to 
determine the optimum b lanket t h i ckness which y i e l d s the l a r g e s t p o s s i b l e 
energy m u l t i p l i c a t i o n wi th adequate t r i t i u m breeding r a t i o and f i r s t wa l l pro-
t e c t i o n . The t h i c k n e s s of b i o l o g i c a l s h i e l d requ i red to reduce the b i o l o g i c a l 
dose to p e r m i s s i b l e l e v e l s i s a l s o determined. 
V I . 3 . 2 . 2 Blanket and S h i e l d Model 
The HIBALL f u s i o n reac to r power p lant des ign inco rpora tes four c y l i n d r i -
ca l c a v i t i e s each having a rad ius o f 7 m and a he ight o f 10 m. The b lanke t 
reg ion c o n s i s t s o f an ar ray o f porous tubes (INPORT tubes) made o f b ra ided SiC 
through which the L i 1 7 P b 8 3 l i q u i d metal e u t e c t i c f l o w s . These tubes are 
placed i n s i d e the r e a c t o r c a v i t y . Bes ides se rv ing as the coo lan t and t r i t i u m 
breeder , the L i 1 7 P b 8 3 coo lan t i s u t i l i z e d f o r f i r s t wal l p r o t e c t i o n . The 
tubes occupy 33% of the 2 m t h i c k b lanket reg ion y i e l d i n g an e f f e c t i v e b lanket 
t h i ckness of 66 cm. The L iPb coo lant occupies 98% o f the tube volume wi th the 
SiC occupying the remaining 2%. SiC and L i 1 7 P b 8 3 have nominal d e n s i t i e s o f 
3.17 and 9.4 g / c m 3 , r e s p e c t i v e l y . The f i r s t wal l i s made of f e r r i t i c s t e e l 
(HT-9) which i s an a l l o y composed o f 85.25 wt% i r on and 11.5 wt% chromium. 
The f i r s t wal l has a t h i c k n e s s o f 1 cm and a d e n s i t y o f 7.8 g / c m 3 . A 0.4 m 
t h i c k r e f l e c t o r composed o f 90 v /o f e r r i t i c s tee l s t r u c t u r e and 10 v/o 
L l ' l 7 P b 8 3 coo lan t i s used. The reac to r u t i l i z e s a 3.5 m t h i c k concre te s h i e l d . 
The s h i e l d c o n s i s t s o f 95% o rd ina ry concre te and 5% H 20 c o o l a n t . A schematic 
o f the b l anke t , f i r s t w a l l , r e f l e c t o r , and s h i e l d c o n f i g u r a t i o n f o r the HIBALL 
reac to r i s g iven i n F i g . V I . 3 - 1 . 
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F i g . VI .3-1 HIBALL r e a c t o r c a v i t y model. 
V I . 3 . 2 . 3 C a l c u l a t i o n a l Method and Nuclear Data 
The one-dimensional d i s c r e t e o rd ina tes code ANISN^ 1 ) was used to perform 
neu t ron ics and photonics c a l c u l a t i o n s y i e l d i n g average t ime in teg ra ted re -
s u l t s . A P3-S4 approximat ion was used. Spher i ca l geometry was used i n the 
c a l c u l a t i o n s and hence the r e s u l t s represent the c o n d i t i o n s at the c e n t r a l 
plane of the r e a c t o r . The r e s u l t s g ive c o n s e r v a t i v e l y high damage ra tes and 
low t r i t i u m breeding r a t i o s . The neutron and gamma spec t ra obta ined from the 
ta rge t c a l c u l a t i o n s are used to represent the source f o r the b lanket neut ron-
i c s and photonics c a l c u l a t i o n s . The source i s cons idered to be an i s o t r o p i c 
point source at the cen te r o f the c a v i t y . The c a l c u l a t i o n s account f o r 
neutron spectrum s o f t e n i n g , neutron m u l t i p l i c a t i o n , and gamma product ion in 
the t a r g e t . The one-dimensional f i n i t e element code ONETRAN^2) implemented at 
Ka r l s ruhe Nuc lear Laboratory was a l s o used to perform the c a l c u l a t i o n s f o r the 
f i n a l b lanket des ign and the r e s u l t s are compared to the r e s u l t s from ANISN. 
A coupled 25 neutron-21 gamma group c ross sec t i on l i b r a r y was used. The l i -
b rary c o n s i s t s o f the RSIC DLC-41B/VITAMIN-C data l i b r a r y ^ 3 ) and the DLC-60/ 
MACKLIB-IV response data l i b r a r y . ( 4 ) Th is data l i b r a r y i s based on ENDF/B-IV. 
The nuc l i de d e n s i t i e s used in the c a l c u l a t i o n s are g iven i n Table V I . 3 - 1 . The 
r e s u l t s presented here are based on a DT y i e l d of 400 MJ and a r e p e t i t i o n ra te 
of 5 Hz y i e l d i n g 7.1 x 1 0 2 0 f u s i o n neutrons per second. 
Neutron and gamma c ross s e c t i o n requirements f o r the neut ron ic a n a l y s i s 
o f the HIBALL system are s i m i l a r to those of f as t f i s s i o n r e a c t o r systems. 
Neutron data are requ i red up to the f u s i o n neutron energy o f 14.1 MeV. P re -
s e n t l y a v a i l a b l e neutron c ross s e c t i o n l i b r a r i e s l i k e ENDF/B^ 5 ) and KEDAK^ 6) 
cover t h i s energy range. Al though data in these l i b r a r i e s show a lower l e v e l 
o f conf idence above a few MeV than i n the keV and thermal energy range, and 
some improvement i n d a t a , e . g . , energy d i s t r i b u t i o n o f secondary neutrons i s 
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Table V I .3 -1 
Nuc l ide D e n s i t i e s Used i n Neutron ics A n a l y s i s of HIBALL Fus ion Reactor 
Region 
Cons t i tuen t 
Elements 
Nuc l ide Dens i ty 
( n u c l e i / b cm) 
BI anket 
[98 v/o L i 1 7 P b 8 3 
+ 2 v /o S i C ] 
(.33 dens i t y f a c t o r ) 
L i 









F e r r i t i c Steel 
F i r s t Wall 



















R e f l e c t o r 
[90 v/o f e r r i t i c 
s tee l + 10 v/o Li^yPbgß] 























c o n c e i v a b l e , the q u a l i t y of the data as s tored in ENDF/B-IV i s c o n s i d e r e d , 
wi th except ions given below, to be adequate at t h i s stage of the s tudy. 
One major parameter to be determined in the neut ron ic c a l c u l a t i o n i s the 
t r i t i u m breeding r a t i o . T r i t i um i s produced by the reac t ions 
7 L i ( n , n ' a ) T and 6 L i (n , c t )T . 
The d i v i s i o n of the t r i t i u m breeding between these two processes i s e s s e n t i a l -
l y design dependent. Strong doubts about the v a l i d i t y of the 7 L i ( n , n ' a ) T 
cross sec t i on in ENDF/B-IV have been e x p r e s s e d . t 7 " 1 0 ) Lowering the c ross 
sec t i on by 15-20% has been s u g g e s t e d . ( 8 ) Resu l ts of new d i f f e r e n t i a l measure-
ments ( F i g . V I .3 -2 ) from d i f f e r e n t l a b o r a t o r i e s suggest reducing the ENDF/B-IV 
c ross sec t i on by about 10%. Some of these r e s u l t s are s t i l l of a p re l im ina ry 
na tu re . 
In the HIBALL blanket d e s i g n , due to the presence of a la rge amount of 
l e a d , neutrons are r a p i d l y slowed down below the th resho ld of the 7 L i ( n , n ' a ) T 
r e a c t i o n . The c o n t r i b u t i o n of t h i s reac t i on to the t r i t i u m product ion i s only 
about 2%. Thus ENDF/B-IV cross sec t i ons fo r t h i s process can be used wi thout 
i n t r oduc ing s i g n i f i c a n t e r ro r in the t r i t i u m breeding r a t i o . 
The other reac t ion respons ib le fo r t r i t i u m b reed ing ; 6 L i ( n , a ) T i s used in 
neutron data measurements as a s tandard . Recent ly H a l e ^ 1 1 ) has re -eva lua ted 
t h i s cross sec t i on below 1 MeV for the ENDF/B-V standard f i l e . He made a 
thorough a n a l y s i s of the 7 L i compound nucleus system i n c l u d i n g charged p a r t i -
c l e r e a c t i o n s . His r esu l t ( F i g . I I . 3 -3 ) g ives a lower 6 L i ( n , a ) T cross sec t i on 
f o r the 252 keV resonance and for lower e n e r g i e s . For 6 L i , group cross 
sec t i ons were generated using the ENDF/B-V Data and used to i n v e s t i g a t e - t h e 
e f f e c t on HIBALL o v e r a l l t r i t i u m breeding r a t i o . 
F i g . V I .3 -2 Measurements o f l_ i (n 3 n 'a)T c ross s e c t i o n . 
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V I . 3 . 2 . 4 Blanket Op t im iza t ion 
A s e r i e s of one-dimensional neu t ron ics and photonics c a l c u l a t i o n s was 
made in which the packing f r a c t i o n fo r the INPORT tubes was va r ied with the 
b lanket region th i ckness f i xed at 2 m. The e f f e c t of the tube packing 
f r a c t i o n or the e f f e c t i v e b lanket t h i ckness on r a d i a t i o n damage, t r i t i u m 
breeding and nuc lear heat ing was i n v e s t i g a t e d . The design c r i t e r i o n used in 
the o p t i m i z a t i o n was that the energy depos i t i on should be as high as p o s s i b l e 
wi th a t r i t i u m breeding r a t i o > 1.1 in the approximate one-dimensional c a l c u -
l a t i o n . 
Table V I .3 -2 g ives the e f f e c t of packing f r a c t i o n on t r i t i u m p roduc t i on . 
It i s c l e a r that t r i t i u m product ion in the b lanket inc reases as the t h i ckness 
i n c r e a s e s . On the other hand, t r i t i u m product ion in the r e f l e c t o r region 
decreases as the e f f e c t i v e b lanket t h i ckness i n c r e a s e s . The net e f f e c t i s 
tha t the ove ra l l breeding r a t i o inc reases near ly l i n e a r l y with the e f f e c t i v e 
b lanket t h i c k n e s s . 
F igure V I .3 -4 g ives the s p a t i a l d i s t r i b u t i o n of t r i t i u m product ion in the 
b lanket and r e f l e c t o r fo r a packing f r a c t i o n of 0 .33 . The c o n t r i b u t i o n s to 
t r i t i u m product ion from 7 L i ( n , n ' a ) and 6 L i ( n , a ) reac t ions are shown. The 
c o n t r i b u t i o n from 7 L i , which i s a high energy reac t ion ( th resho ld energy = 
2.86 MeV), decreases sharp ly as one moves in to the blanket away from the 
source because of the increased so f ten ing of the spectrum. Table V I .3 -3 g ives 
a comparison between the r e s u l t s of ANISN and ONETRAN. The e f f e c t of using 
the ENDF/B-V data fo r the 6 L i ( n , a ) T cross sec t i on i s a l so g i ven . Using the 
6 L i ( n , a ) T cross sec t ion from ENDF/B-V r e s u l t s in a 2% reduct ion in the 
c a l c u l a t e d t r i t i u m breeding r a t i o . 
Table V I .3 -4 g ives the neut ron , gamma, and t o t a l energy depos i t i on in the 
d i f f e r e n t regions fo r d i f f e r e n t values of the packing f r a c t i o n . Not ice that 
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Table V I .3 -2 E f f e c t of Tube Packing F r a c t i o n on T r i t i u m Breeding 
Pack ing F r a c t i o n 0 .30 .33 .35 .40 
B lanket 0 1.094 1.177 1.226 1.331 
Ref l ec to r 0.043 0.022 0.018 0.016 0.012 
System Tota l 0.043 1.116 1.195 1.242 1.343 
Table V I . 3 -3 Comparison Between Resu l t s f o r T r i t i u m Produc t ion 
T r i t i urn Produc t ion ( T r i t o n s / F u s i o n ) 
ANISN, S 4 P 3 , 0NETRAN, S 8 P 3 , 0NETRAN, S g P 3 , 
ENDF/B-IV ENDF/B-IV ENDF/B-V 
Region Element 6 L i ( n , a ) T 6 L i ( n , a ) T 6 L i ( n , a ) T 
6 L i 1.1500 1.1558 1.1327 
BIanket 7 L i 0.0270 0.0271 0.0271 
Tota l 1.1770 1.1829 1.1598 
F i r s t Wall Tota l 0.0 0.0 0.0 
6 L i 0.0180 0.0180 0.0175 
Re f l e c t o r 7 L i 0.0 0.0 0.0 
Tota l 0.0180 0.0180 0.0175 
T r i t i u m Breeding Ra t io 1.1950 1.2009 1.1773 
Table V I .3 -4 E f f e c t o f INPORT Tube Packing F r a c t i o n 
on Nuclear Energy Depos i t i on (MeV/Fusion) 
Pack ing F r a c t i o n 0 .30 .33 .35 .40 
Neutrons — 7.026 7.467 7.729 8.278 
BI anket Gamma — 6.663 6.687 6.697 6.705 
Tota l — 13.689 14.154 14.426 14.983 
Neutrons 0.407 0.020 0.016 0.014 0.009 
F i r s t Wall Gamma 1.141 0.208 0.180 0.163 0.125 
Tota l 1.548 0.228 0.196 0.177 0.134 
Neutrons 2.626 0.287 0.232 0.202 0.142 
Ref l ec to r Gamma 14.402 4.013 3.367 2.985 2.185 
Tota l 17.028 4.300 3.599 3.187 2.327 
System Tota l 18.576 18.217 17.949 17.790 17.444 
O v e r a l l Energy 
1.245 1.326 1.300 1.281 1.269 
M u l t i p l i c a t i o n 
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Figure V I . 3 - 4 T r i t i u m product ion in the b lanket and r e f l e c t o r . 
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more than 50% of energy depos i ted comes from gamma-ray heat ing because o f 
neutron r e a c t i o n s i n the HT-9 s t r u c t u r e . The c o n t r i b u t i o n from gamma heat ing 
decreases as the INPORT tube reg ion t h i ckness i n c r e a s e s . As the b lanket 
t h i c kness i n c r e a s e s , the t o t a l energy depos i ted in i t i nc reases wi th a l a r g e r 
f r a c t i o n o f t h i s energy being depos i ted by neut rons . The l a r g e r energy depo-
s i t i o n r e s u l t s from the l a r g e r number o f neutron and gamma i n t e r a c t i o n s t a k i n g 
p lace i n the t h i c k e r b l a n k e t . The r e l a t i v e gamma c o n t r i b u t i o n to the heat ing 
decreases as the t h i ckness i nc reases because a sma l l e r po r t i on o f the b lanket 
w i l l be adjacent to the f i r s t wal l where l a r g e gamma product ion occu rs . The 
neutron and gamma heat ing i n the f i r s t wal l and r e f l e c t o r decrease as the 
b lanket t h i c kness inc reases because of the inc reased neutron a t tenua t ion i n 
the b l a n k e t . The t o t a l energy depos i ted in the system i s found to decrease as 
the b lanket t h i c kness i n c r e a s e s . This r e s u l t s because o f the decreased gamma 
product ion in f e r r i t i c s tee l due to the lower neutron f l u x i n the f i r s t wal l 
and r e f l e c t o r . A neutron absorbed i n 6 L i r e l e a s e s ~ 4.8 MeV wh i le i f i t i s 
absorbed in the s t r u c t u r e ~ 7 MeV i s r e l e a s e d . The energy m u l t i p l i c a t i o n i s 
a l so inc luded i n Table V I . 3 - 4 . This f a c t o r i s de f ined as the t o t a l energy 
depos i ted in the system, i n c l u d i n g the energy depos i ted by X- rays and ta rge t 
deb r i s at the f i r s t su r face of the b l anke t , d i v i d e d by the f u s i o n r e a c t i o n 
y i e l d o f 17.6 MeV. 
The s p a t i a l v a r i a t i o n o f the t o t a l power dens i t y i n the b lanket f o r a 
packing f r a c t i o n o f 0.33 i s g iven i n F i g . V I . 3 - 5 . The power dens i t y decreases 
as one moves away from the source i n s i d e the b lanket because of the inc reased 
neutron and gamma a t t e n u a t i o n . The l a rge gamma product ion i n HT-9 causes the 
gamma heat ing to i nc rease sharp ly as one approaches the f i r s t w a l l . Th is i s 
the reason f o r the ex i s tance o f a minimum in the power dens i t y at ~ 30 cm from 
the f i r s t wal 1. 
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Figure V I . 3 - 5 S p a t i a l v a r i a t i o n o f power d e n s i t y i n the b l a n k e t . 
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It i s c l e a r from the prev ious r e s u l t s tha t i n c r e a s i n g the INPORT tube 
packing f r a c t i o n r e s u l t s i n i n c r e a s i n g the t r i t i u m breeding r a t i o at the ex-
pense of power p roduc t i on . Since energy product ion i s the pr imary goal o f a 
f u s i o n power r e a c t o r , a packing f r a c t i o n o f 0.33 i s chosen. Th is y i e l d s an 
energy m u l t i p l i c a t i o n o f 1.28 and a breeding r a t i o o f 1.195. A r e l a t i v e l y 
h igh breeding r a t i o i s chosen here because o f expected reduc t ion in t r i t i u m 
product ion when one inc ludes the penet ra t ions and va r ious s t r u c t u r a l support 
m a t e r i a l s i n the d e t a i l e d th ree-d imens iona l c y l i n d r i c a l geometry. The breed-
ing r a t i o should a l so be g rea te r than one to account f o r u n c e r t a i n t i e s i n data 
and c a l c u l a t i o n a l methods. 
V I . 3 . 2 . 5 Neutron and Gamma Spect ra 
Using the neutron and gamma spec t ra from the t a rge t c a l c u l a t i o n s to 
represent the source f o r the b lanket neu t ron ics and photon ics c a l c u l a t i o n s , 
the neutron and gamma spec t ra were c a l c u l a t e d at d i f f e r e n t p o s i t i o n s in the 
b l anke t , f i r s t wal l and r e f l e c t o r . The neutron spec t ra are g iven in F i g . 
V I . 3 - 6 . In the innermost par t o f the b lanket the spectrum has a pronounced 
peak at 14.1 MeV wi th the lower energy part o f the spectrum r e s u l t i n g from 
neutron ta rge t i n t e r a c t i o n s and neutron s lowing down in the b lanket i t s e l f . 
In the f i r s t wal l and r e f l e c t o r the spectrum i s c o n s i d e r a b l y sof tened p r i m a r i -
l y because o f s lowing down in the b lanket - r e f l e c t o r system. In F i g . V I .3 -7 
the gamma spec t ra in the f i r s t wal l and the cen te r o f the b lanket are com-
pared. The gamma photon dens i t y i n the f i r s t wal l i s l a r g e r than that i n the 
b lanket because of the l a rge gamma product ion in i r o n . 
V I . 3 . 2 . 6 R a d i a t i o n Damage to S t r u c t u r a l M a t e r i a l s 
The e f f e c t o f b lanke t t h i c kness on the maximum number o f atomic d i s p l a c e -
ments (dpa) per f u l l power year i n the SiC INPORT tubes and the HT-9 f i r s t 
wal l i s g iven in Table V I . 3 - 5 . The average dpa ra te in the SiC tubes 
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Figure V I .3 -6 Neutron spectrum i n the b l a n k e t , f i r s t w a l l , 
and r e f l e c t o r . 
(The o rd ina te i s the i n t e g r a l i n each 
group.) 
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Figure V I . 3 -7 Gamma spectrum i n t he b lanket and 
f i r s t w a l 1 . 
(The o rd ina te i s the i n t e g r a l i n 
each energy group. ) 
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Table V I . 3 - 5 E f f e c t of Blanket Thickness on Maximum DPA Rate (dpa/FPY) 
E f f e c t i v e B lanket Thickness 
(cm) 
0 60 66 70 80 
SiC INPORT Tubes 









inc reases s l i g h t l y as the b lanket t h i ckness inc reases wh i le the dpa ra te i n 
the f e r r i t i c s tee l f i r s t wal l decreases as the b lanket t h i c k n e s s i n c r e a s e s . 
The reason i s t ha t the dpa c ross s e c t i o n f o r i r on peaks at 14.1 MeV and has a 
th resho ld energy o f ~ 1 keV wi th the t o t a l dpa i n i r o n decreas ing as the 
spectrum becomes s o f t e r . On the o ther hand, the dpa c ross s e c t i o n f o r * 2 C 
peaks at ~ 3.5 MeV and has a lower t h resho ld energy o f ~ 0.2 keV r e s u l t i n g i n 
an inc rease in the t o t a l dpa in C as the spectrum s o f t e n s . 
The hel ium and hydrogen gas product ion r a tes i n the HT-9 f i r s t wal l are 
g iven in Table V I .3 -6 f o r d i f f e r e n t e f f e c t i v e b lanket t h i c k n e s s e s . The aver -
age gas product ion ra te i s found to decrease as the b lanket t h i c k n e s s i n -
c r e a s e s . The reason i s t ha t the hydrogen and hel ium product ion c ross 
sec t i ons peak at 14.1 MeV. Fur thermore, the r e a c t i o n s r e s u l t i n g i n hel ium and 
hydrogen product ion are o f a t h resho ld nature wi th t h resho ld energ ies i n the 
low MeV energy range. The e f f e c t on gas product ion i s more pronounced than 
the e f f e c t on dpa because o f the lower dpa th resho ld energy. It i s c l e a r from 
the r e s u l t s tha t us ing INPORT tubes wi th an e f f e c t i v e t h i c kness of 66 cm r e -
duces displacement damage and gas product ion i n the HT-9 f i r s t wa l l cons ide ra -
b l y , a l l ow ing i t to l a s t f o r the whole r e a c t o r l i f e t i m e . 
VI .3 -19 
Table V I .3 -6 E f f e c t o f Blanket Thickness on Gas Product ion Rate 
i n F i r s t Wall (appm/FPY) 
E f f e c t i v e B lanket Thickness 0 60 66 70 80 
(cm) 
He l i urn 229.1 0.659 0.364 0.245 0.090 
Hydrogen 736.9 2.451 1.380 0.942 0.362 
Because o f the l a rge d i f f e r e n c e between the th resho ld energ ies f o r hel ium 
and dpa r e a c t i o n s , the hel ium to dpa r a t i o , which i s an important parameter i n 
m i c r o s t r u c t u r e c a l c u l a t i o n s , decreases wi th spectrum s o f t e n i n g . F igu re V I .3 -8 
shows the e f f e c t o f e f f e c t i v e INPORT tube reg ion t h i c k n e s s on dpa, hel ium pro-
d u c t i o n , and hel ium to dpa r a t i o i n the HT-9 f i r s t w a l l . It i s c l e a r tha t the 
wal l p ro tec t i on has a more pronounced e f f e c t on hel ium p roduc t i on . Conse-
q u e n t l y , the hel ium to dpa r a t i o decreases from a va lue o f 9 f o r the unpro-
tec ted wal l to a va lue o f 0.135 when an e f f e c t i v e t h i c kness of 66 cm i s used. 
The hel ium to dpa r a t i o was a l s o found to decrease as one moves i n s i d e the 
r e f l e c t o r . F igure V I .3 -9 shows the s p a t i a l v a r i a t i o n o f dpa, hel ium pro-
duc t i on and hel ium to dpa r a t i o i n the HIBALL r e f l e c t o r . The hel ium to dpa 
r a t i o decreases from 0.135 at the f i r s t wal l t o 0.019 at the back o f the 
r e f l e c t o r . 
A comparison between the r e s u l t s f o r the HT-9 f i r s t wa l l r a d i a t i o n damage 
obta ined us ing the ANISN code and the r e s u l t s obta ined us ing the ONETRAN code 
implemented at KfK, i s g iven in Table V I . 3 - 7 . The d i f f e r e n c e s obta ined are 
a t t r i b u t e d to the d i f f e r e n t methods used in the codes . ANISN t r e a t s the 
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Figure V I . 3 - 9 S p a t i a l v a r i a t i o n o f damage in HT-9 s t r u c t u r e i n HIBALL 
r e f l e c t o r . 
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Table V I .3 -7 Comparison Between F i r s t Wall Damage Resu l t s 
o f ANISN and ONETRAN 
( S 4 P 3 ) 
dpa/FPY He appm/FPY H appm/FPY 
ANISN 2.688 0.364 1.380 
ONETRAN 2.700 0.319 1.230 
s p a t i a l v a r i a b l e i n a f i n i t e d i f f e r e n c e form, wh i le ONETRAN uses a f i n i t e 
element t echn ique . 
V I . 3 . 2 . 7 S h i e l d Design 
S h i e l d i n g of the r e a c t o r c a v i t y does not pose spec ia l problems because o f 
the s imple geometr ies i nvo lved as compared to s h i e l d i n g o f the f i n a l f ocus ing 
magnets d i scussed in s e c t i o n V . 6 . The reac to r c a v i t y s h i e l d i s designed such 
that the b i o l o g i c a l dose ra tes ou ts ide the s h i e l d do not exceed ~ 5 mrem/hr 
dur ing r e a c t o r o p e r a t i o n . Th is des ign c r i t e r i o n has been set i n order to 
a l l ow hands-on maintenance o f a u x i l i a r y components ou ts ide the r e a c t o r dur ing 
o p e r a t i o n . The s h i e l d f o r HIBALL c o n s i s t s o f 95 v /o o rd ina ry concre te (Type 3 
concre te from re ference 12) and 5 v /o water c o o l a n t . Ord inary concre te was 
cons idered because o f i t s r e l a t i v e l y low cos t and the absence o f m a t e r i a l s 
which can cause high a c t i v a t i o n . The concre te used has a d e n s i t y o f 2.3 g /cm 3 
and the compos i t ion shown i n Table V I . 3 - 8 . 
A s e r i e s o f one-dimensional neu t ron ics and photon ics c a l c u l a t i o n s was 
made to determine the f l u x a t t enua t i on as a f u n c t i o n o f s h i e l d t h i c k n e s s . 
S ince a s p h e r i c a l geometry was used i n the t r anspo r t c a l c u l a t i o n s , the r e s u l t s 
— 8 0 — 
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Table V I . 3 -8 Concrete Composi t ion 
El ement Weight % 
Calc ium 24.33 




correspond to the c o n d i t i o n s at the r e a c t o r midplane where the dose i s ex-
pected to be g r e a t e s t . F igu re V I .3 -10 shows the v a r i a t i o n o f neutron and 
gamma energy f l u x e s , at the s h i e l d outer s u r f a c e , wi th s h i e l d t h i c k n e s s . I t 
i s c l e a r tha t the neutron f l u x a t tenuates i n the s h i e l d f a s t e r than does the 
gamma f l u x . This i s due to the lack o f high Z m a t e r i a l s , which are more 
e f f e c t i v e in a t tenua t ing gamma r a y s . 
The neutron and gamma f l u x e s at the outer su r face o f the s h i e l d were used 
to determine the cor responding b i o l o g i c a l dose va lues f o r d i f f e r e n t s h i e l d 
t h i c k n e s s e s . The t i s s u e composi t ion used i n these c a l c u l a t i o n s i s g iven in 
Table V I . 3 - 9 . The v a r i a t i o n o f the a n t i c i p a t e d dose ra te wi th s h i e l d t h i c k -
ness i s shown in F i g . V I . 3 - 1 1 . A s h i e l d th i ckness of 3.5 m r e s u l t s i n a dose 
ra te of 2.64 mrem/hr which i s l e s s than the des ign l i m i t o f 5 mrem/hr set i n 
t h i s work. Almost a l l of the c o n t r i b u t i o n to the dose comes from gamma r a d i -
a t i o n . The s h i e l d i n g e f f e c t i v e n e s s can be improved by us ing high Z m a t e r i a l s 
such as lead to a t tenuate the gammas. Boron which has a high thermal neutron 
absorp t ion c ross sec t i on wi th on ly a s o f t 0.48 MeV gamma being produced can 
VI .3-24 — 8 1 — 
VARIATION OF ENERGY FLUX WITH 
SHIELD THICKNESS IN 'HIBALL' 
SHIELD THICKNESS (cm) 
Figure V I .3 -10 V a r i a t i o n o f energy f l u x w i th s h i e l d t h i c k n e s s . 
VI .3 -25 
• 8 2 -
VARIATION OF BIOLOGICAL DOSE RATE 
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Figure VI .3-11 V a r i a t i o n o f b i o l o g i c a l dose ra te w i th s h i e l d 
t h i c k n e s s . 
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Table V I .3 -9 T issue Composit ion 




Ni t rogen 2.6 
a l so be used. However, cost cons ide ra t i ons become an important f ac to r i f 
o rd ina ry concrete i s to be rep laced by a more e f f e c t i v e s h i e l d . A 3.5 m t h i c k 
concrete s h i e l d i s used in HIBALL, r e s u l t i n g in an extremely low dose rate of 
2.64 mrem/hr outs ide the s h i e l d dur ing reac tor o p e r a t i o n . 
F igures V I .3 -12 and VI .3 -13 show the neutron and gamma spect ra at d i f f e r -
ent p o s i t i o n s in the s h i e l d at the reac tor midp lane. It i s c l e a r that s i g n i -
f i c a n t neutron and gamma spectrum so f ten ing occurs in the f i r s t 0.5 m of the 
s h i e l d . At t h i s point most of the neutrons are in the thermal group. The 
neutron f l u x at tenuates as one moves deep in the s h i e l d with the spectrum 
shape remaining near ly the same. The gamma spectrum assumes a near ly f i x e d 
shape peaking at ~ 0.2 MeV at 0.5 m i n s i d e the s h i e l d . No f u r t he r s i g n i f i c a n t 
spectrum so f ten ing occurs as one moves deep in the s h i e l d . Aga in , the gamma 
f l u x does not at tenuate as fas t as does the neutron f l u x because of the gamma 
product ion f o l l o w i n g neutron capture and the lack of high Z m a t e r i a l s . 
F igure VI .3 -14 shows the s p a t i a l v a r i a t i o n of power dens i t y in the r e -
ac to r midp lane. The c o n t r i b u t i o n s from neutron and gamma heat ing are a l so 
shown. The peak power dens i t y in the s h i e l d i s 0.045 W/cm 3 . The average 
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Figure V I .3 -12 Neütron spectrum i n HIBALL s h i e l d . 
(The o rd ina te i s the i n t e g r a l i n each energy group. ) 
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F igure V I .3 -13 Gamma spectrum i n HIBALL s h i e l d . 
(The o rd ina te i s the i n t e g r a l i n each energy 
group.) 
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Figure V I .3 -14 S p a t i a l v a r i a t i o n o f power d e n s i t y a t HIBALL midp lane. 
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power dens i t y i n the s h i e l d at the r e a c t o r midplane i s found to be 1.83 x I O " 3 
W/cm 3 . 
VI . 3 . 2 . 8 Summary 
A one-dimensional s p h e r i c a l geometry neu t ron ics and photon ics a n a l y s i s 
was performed to des ign the b lanket and s h i e l d f o r HIBALL. The r e s u l t s show 
tha t by i n c r e a s i n g the INPORT tube packing f r a c t i o n , the t r i t i u m breeding 
r a t i o i nc reases at the expense o f energy m u l t i p l i c a t i o n . An e f f e c t i v e tube 
reg ion t h i ckness o f 66 cm was chosen r e s u l t i n g in an o v e r a l l energy m u l t i p l i -
c a t i o n o f 1.28 and a breeding r a t i o o f 1.195. The INPORT tubes reduce r a d i -
a t i o n damage i n the HT-9 f i r s t wal l cons ide rab l y a l l o w i n g i t to l a s t f o r the 
whole r e a c t o r l i f e t i m e . A 3.5 m t h i c k concre te s h i e l d was chosen r e s u l t i n g i n 
an extremely low dose ra te o f 2.64 mrem/hr ou ts ide the s h i e l d dur ing reac to r 
o p e r a t i o n . 
V I . 3 . 3 Three-Dimensional Time Integrated Stud ies 
VI .3 .3 .1 I n t roduc t i on 
The one-d imensional s p h e r i c a l geometry c a l c u l a t i o n s presented in s e c t i o n 
V I . 3 . 2 are usefu l f o r survey s tud ies and p r e d i c t i n g c o n d i t i o n s at the r e a c t o r 
midp lane. However, the one-d imensional c a l c u l a t i o n s are not capable o f 
adequately model ing the HIBALL reac to r i n which a point source i s at the the 
cen te r o f the r e a c t o r c a v i t y which has a c y l i n d r i c a l shape wi th a c o n i c a l l y 
shaped b lanket at the top and a L i 1 7 P b 8 3 pool at the bottom. Fur thermore, the 
HIBALL b l a n k e t / s h i e l d system i s requ i red to accommodate l a rge pene t ra t ions f o r 
vacuum pumping which cannot be modeled i n a one-d imensional a n a l y s i s . These 
geometr ica l e f f e c t s are expected to have an impact on the system's o v e r a l l 
t r i t i u m breeding and energy m u l t i p l i c a t i o n . In t h i s s e c t i o n , a t h r e e -
d imensional neu t ron ics and photonics a n a l y s i s i s presented which adequately 
models the HIBALL r e a c t o r c a v i t y . 
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The neu t ron ics and photonics problem f o r an i n e r t i a l confinement f u s i o n 
r e a c t o r i s b a s i c a l l y a t ime-dependent problem. However, the concern here i s 
on ly wi th t i m e - i n t e g r a t e d q u a n t i t i e s such as the t r i t i u m breeding r a t i o and 
the t o t a l nuc lear heat ing which can be obta ined us ing steady s t a t e t r anspo r t 
c a l c u l a t i o n s . In t h i s work, neutron m u l t i p l i c a t i o n , spectrum s o f t e n i n g , and 
gamma product ion in the t a rge t i s accounted f o r by us ing the r e s u l t s of the 
t a rge t neu t ron ics and photon ics c a l c u l a t i o n s presented i n sec t i on I I I . l as a 
source f o r the b lanket and s h i e l d c a l c u l a t i o n s . 
V I . 3 . 3 . 2 Reactor Geometr ical Model and Method o f C a l c u l a t i o n 
F igure V I .3 -15 g i ves the b lanket and s h i e l d c o n f i g u r a t i o n f o r HIBALL. 
The INPORT tube reg ion has a t h i ckness o f 2 m and a he ight o f 10 m. The 
INPORT tubes have a packing f r a c t i o n of 0.33 wi th L i 1 7 P b 8 3 occupying 98 v/o o f 
the tubes and the remaining 2 v /o occupied by S i C . The tube support s t r u c t u r e 
i s made of HT-9 and occupies 0.7 v /o o f the tube r e g i o n . A one meter deep 
L i 1 7 P b 8 3 pool e x i s t s at the bottom of the r e a c t o r c a v i t y . The upper b lanket 
c o n s i s t s of 30 segments. The des ign of an upper b lanket segment i s shown i n 
F i g . V I . 3 - 1 6 . The upper b lanket c o n s i s t s o f 97 v /o L i 1 7 P b 8 3 , 1 v /o HT-9, and 
2 v /o SiC and i s 50 cm t h i c k . The L i 1 7 P b 8 3 i n the reg ion connect ing the top 
b lanke t wi th the INPORT tubes helps p ro tec t i ng the HT-9 s t r u c t u r e between the 
vacuum d u c t s . T h i r t y vacuum pumps are used to ma in ta in the c a v i t y pressure at 
10"4 T o r r . Each vacuum duct i s 1 m wide and 0.6 m h i g h . The f i r s t wal l i s 1 
cm t h i c k and i s made of HT-9. The s ide wal l i s 12 m h i g h . The top l i n e r i s 7 
and 6 m above the midplane at r e a c t o r c e n t e r l i n e and s i de w a l l , r e s p e c t i v e l y . 
A 40 cm t h i c k r e f l e c t o r c o n s i s t i n g o f 90 v /o HT-9 and 10 v /o L i 1 7 P b 8 3 i s used. 
A 40 cm t h i c k sp lash p l a t e i s used at the bottom o f the reac to r and i s 
r e f e r r e d to as the bottom r e f l e c t o r i n the f o l l o w i n g a n a l y s i s . A 3.5 m t h i c k 












Figure V I . 3 -15 B lanket and s h i e l d c o n f i g u r a t i o n f o r HIBALL. 
Figure V I .3 -16 The design o f an upper b lanket segment. 
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surrounds the r e a c t o r . The pene t ra t ion f o r t a rge t i n j e c t i o n i n the chamber 
top i s very smal l and i s not cons idered in t h i s a n a l y s i s . The t o t a l area o f 
the 20 beam l i n e pene t ra t ions in the INPORT tube reg ion i s 3.6 m 2 imp ly ing 
t ha t these pene t ra t ions occupy on ly ~ 1% of the b lanket volume. Th is i s 
sma l le r than the s t a t i s t i c a l unce r ta i n t y i n the r e s u l t s obta ined i n the Monte 
C a r l o c a l c u l a t i o n s used i n t h i s a n a l y s i s . Fur thermore, the geometr ica l e f -
f e c t s o f these pene t ra t ions have n e g l i g i b l e e f f e c t s on the t r i t i u m breeding 
r a t i o and the energy m u l t i p l i c a t i o n . Hence, the beam l i n e pene t ra t ions are 
not model led in the present a n a l y s i s . De ta i l ed r a d i a t i o n s h i e l d i n g a n a l y s i s 
f o r the f i n a l f ocus ing magnets i s g iven in s e c t i o n V . 6 . 
The neu t ron ics and photonics c a l c u l a t i o n s were performed us ing the m u l t i -
group th ree-d imens iona l Monte Car lo code MORSE. ( 1 3 ) A coupled 25 neutron-21 
gamma group c ross s e c t i o n l i b r a r y was used. The l i b r a r y c o n s i s t s o f the RSIC 
DLC-41B/VITAMIN-C data l i b r a r y ^ 3 ) and the DLC-60/MACKLIB-IV response data 
l i b r a r y . ( 4 ) The comb ina to r ia l geometry c a p a b i l i t y o f the MORSE code was used 
to model the problem geometry. Volume de tec to rs were used to es t imate the 
q u a n t i t i e s o f i n t e r e s t i n the d i f f e r e n t r eac to r zones. The r e s u l t s presented 
here are based on a DT y i e l d o f 400 MJ and a r e p e t i t i o n ra te o f 5 Hz y i e l d i n g 
20 
7.1 x 10cu f u s i o n neutrons per second. A po int i s o t r o p i c source was used at 
the cen ter o f the r e a c t o r c a v i t y w i th neutron and gamma spec t ra obta ined from 
the ta rge t neu t ron ics and photonics c a l c u l a t i o n s . 4000 h i s t o r i e s were used i n 
the Monte Car lo c a l c u l a t i o n s y i e l d i n g l e s s than 2% s t a t i s t i c a l u n c e r t a i n t i e s 
in the es t imates f o r the t r i t i u m breeding r a t i o and the energy m u l t i p l i c a t i o n . 
Because o f symmetry, on ly 1/60 of the r e a c t o r was modeled wi th r e f l e c t i n g 
albedo boundaries used at the planes of symmetry. This corresponds to a " p i e 
s l i c e " wi th an azimuthal angle o f 6 ° . The geometry f o r the computat ional 
model used i s g iven in F i g . V I . 3 - 1 7 . To quan t i f y nuc lear heat ing in the 
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Figure V I .3 -17 HIBALL geometry f o r Monte Car lo c a l c u l a t i o n s . 
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vacuum pump, a 2 cm t h i c k reg ion c o n s i s t i n g o f 50 v /o 316 SS and 50 v/o Cu i s 
des ignated as zone 13 to s imula te the c r y o - p a n e l s . Zones 14 and 15 represent 
inner and outer vacuum r e g i o n s , r e s p e c t i v e l y . 
V I . 3 . 3 . 3 S c a l a r F lux 
Table V I .3 -10 g ives the average neutron and gamma s c a l a r f l u x e s i n the 
d i f f e r e n t zones. The f r a c t i o n a l standard d e v i a t i o n based on a 68% con f idence 
i n t e r v a l i s a l s o i n c l u d e d . It i s c l e a r from the r e s u l t s t ha t the f r a c t i o n a l 
standard d e v i a t i o n i s very small i n the breeding b lanket zones and i s r e l a -
t i v e l y l a rge in the o p t i c a l l y t h i n reg ions such as the f i r s t w a l l . The re -
s u l t s show that wh i le the gamma f l u x i s about two orders o f magnitude l e s s 
than the neutron f l u x in the breeding b lanket zones, i t i s on ly one order o f 
magnitude l e s s than the neutron f l u x in the r e f l e c t o r zones. This r e s u l t s 
from the l a rge gamma product ion f o l l o w i n g neutron capture i n the HT-9 
s t r u c t u r e . 
V I . 3 . 3 . 4 T r i t i um Produc t ion 
Table VI .3-11 shows the r e s u l t s f o r t r i t i u m product ion per DT f u s i o n re -
ac t i on in the d i f f e r e n t r eac to r zones. The c o n t r i b u t i o n s from 6 L i ( n , a ) and 
7 L i ( n , n ' a ) r e a c t i o n s are shown s e p a r a t e l y . I t i s c l e a r that the c o n t r i b u t i o n 
from 7 L i represents ~ 2% o f the t o t a l t r i t i u m product ion i n the breeding 
b lanket r e g i o n . The reason i s tha t the number o f Pb(n,2n) r e a c t i o n s occu r r i ng 
in the L i 1 7 P b 8 3 b lanket i s much l a r g e r than tha t o f 7 L i ( n , n ' a ) r e a c t i o n s . The 
r e s u l t i n g (n,2n) neutrons are we l l below the th resho ld energy f o r 7 L i ( n , n ' a ) 
r e a c t i o n and hence can produce t r i t i u m on ly through the 6 L i ( n , a ) r e a c t i o n . In 
the r e f l e c t o r reg ion the 7 L i c o n t r i b u t i o n to t r i t i u m product ion i s very smal l 
because o f the neutron spectrum so f ten ing in the breeding b l a n k e t . 
We no t i ce tha t as much t r i t i u m product ion occurs i n the top b lanket as i n 
the bottom L i 1 7 P b 8 3 p o o l , even though the top b lanket i s on ly h a l f as t h i c k as 
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Table V I .3 -10 Average S c a l a r F lux ( P a r t i c l e s / c n f / F u s i o n ) 
Region Zone Neutrons Gammas 
Number 
Breeding Blanket 1 3.191(-6) [ . 015 ] * 3.237(-8) [ .026] 
2 1.691(-6) [ .071] 4 .453( -9 ) [ .349] 
3 2.937(-6) [ .023] 2 .448(-8) [ .056] 
4 1.708(-6) [ .043] 1.108(-8) [ .068] 
F i r s t Wall 5 8 .302( -7) [ .041] 2 .529(-8) [ .118] 
6 9 .282(-7) [ .181] 1.124(-8) [ .600] 
7 1.340(-6) [ .047] 4 .328( -8 ) [ .164] 
R e f l e c t o r 8 2 .384( -7) [ .034] 1.274(-8) [ .048] 
9 4 .470( -7) [ .153] 3.213(-8) [ .245] 
10 3.789(-7) [ .044] 2 .230( -8) [ .070] 
11 8.354(-8) [ .126] 3.739(-9) [ .132] 
F r a c t i o n a l Standard Dev ia t i on 
VI .3 -38 
Table VI .3-11 T r i t i u m Produc t ion ( T r i t o n s / F u s i o n ) 
Region Zone Number 6 L i ( n , a ) T 7 L i ( n , n ' c t ) T 
Breeding B lanket 1 0.729 0.018 
2 0.014 0.00001 
3 0.212 0.004 
4 0.235 0.004 
Region Tota l 1.190 0.026 
R e f l e c t o r 8 0.022 0.000002 
9 0.001 0.0000001 
10 0.009 0.000002 
11 0.002 0.0000001 
Region Tota l 0.034 0.000004 
System Tota l 1.224 0.026 
the bottom pool and inc ludes 1 v /o HT-9 s t r u c t u r e . The reason i n tha t the 2 
v /o SiC present i n the top b lanket enhances neutron s lowing down and hence 
inc reases the t r i t i u m breeding e f f e c t i v e n e s s . In f a c t , our r e s u l t s show tha t 
the breeding c a p a b i l i t y o f L i 1 7 P b 8 3 can be improved cons ide rab l y by e n r i c h i n g 
L i and/or us ing moderators in the b l anke t . The improvement i n systems us ing 
L i 1 7 p b 8 3 1 s m u c n m o r e Pronounced than that i n systems us ing other breeding 
m a t e r i a l s because most o f the c o n t r i b u t i o n to breeding in L i 1 7 P b 8 3 case comes 
from the L i ( n , a ) r e a c t i o n which has a 1/v c ross s e c t i o n in the low energy 
r e g i o n . 
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The o v e r a l l t r i t i u m breeding r a t i o i s found to be 1.25. The con f idence 
i n t e r v a l f o r the est imated breeding r a t i o i s 0.025 which i s 2% of the obta ined 
es t ima te . The o v e r a l l t r i t i u m breeding r a t i o obta ined here w i th the ac tua l 
r e a c t o r c a v i t y c y l i n d r i c a l geometry i s l a r g e r than that obta ined from the one-
dimensional s p h e r i c a l geometry c a l c u l a t i o n s (1 .195) . The reason i s t ha t i n 
the sphe r i ca l geometry c a s e , a l l source neutrons are i nc i den t on the b lanket 
p e r p e n d i c u l a r l y to i t s inner su r face and hence w i l l see the same b lanket 
t h i c k n e s s . On the o ther hand, the source neutrons emit ted i s o t r o p i c a l l y at 
the cen te r of the c y l i n d r i c a l c a v i t y impinge on the inner su r face of the 
b lanket at d i f f e r e n t angles and hence w i l l see l a r g e r b lanket t h i c k n e s s e s . In 
o ther words, the neutron source i s surrounded by a l a r g e r volume o f breeding 
mate r ia l i n the actua l c y l i n d r i c a l case as compared to the case o f an equ iva-
l en t sphe r i ca l b l anke t . 
V I . 3 . 3 . 5 Nuc lear Heat ing 
Table V I .3 -12 shows the nuc lear energy d e p o s i t i o n f o r neutrons and gammas 
in the d i f f e r e n t zones. The average power dens i t y i s a l so i n c l u d e d . I t i s 
c l e a r tha t the c o n t r i b u t i o n s from neutron and gamma heat ing are near l y the 
same in the breeding b lanket wh i le the gamma c o n t r i b u t i o n i n the f i r s t wa l l 
and r e f l e c t o r i s about an order o f magnitude h igher than the neutron c o n t r i -
b u t i o n . This r e s u l t s from gamma genera t ion in the HT-9 s t r u c t u r e . About 60% 
of the t o t a l r eac to r thermal power comes from gamma hea t i ng . The energy 
depos i ted in the b i o l o g i c a l s h i e l d i s 0.06 MeV/fus ion which corresponds to a 
power o f 6.82 MW. Th is represen ts on ly 0.27% of the t o t a l r e a c t o r thermal 
power. Only the energy depos i ted in the b l a n k e t , f i r s t w a l l , and r e f l e c t o r 
are cons idered as recoverab le energy. The t o t a l recoverab le neutron and gamma 
energy i n the reac to r per DT f u s i o n i s 17.553 + .292 MeV which i s s l i g h t l y 
l e s s than tha t obta ined f o r an equ iva len t sphe r i ca l r e a c t o r (17.95 MeV). The 
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Table V I .3 -12 Nuclear Heat ing 
Region Zone Number Energy Depos i t i on Average Power 
(MeV/fus ion) Dens i ty (W/cm 3) 
Neutrons Gammas 
Breeding Blanket 1 4.806 4.839 4.409 
2 0.074 0.017 3.911 
3 1.339 1.147 3.515 
4 1.430 1.007 1.800 
Region Tota l 7.649 7.010 4.409 
F i r s t Wall 5 0.004 0.050 1.222 
6 0.0001 0.0004 2.010 
7 0.003 0.039 3.068 
Region Tota l 0.007 0.089 1.653 
R e f l e c t o r 8 0.155 1.628 0.939 
9 0.007 0.066 1.020 
10 0.070 0.733 1.465 
11 0.013 0.126 0.257 
Region Tota l 0.245 2.553 0.941 
System Total 7.901 9.652 3.345 
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reason i s tha t more t r i t i u m product ion i s obta ined in the c y l i n d r i c a l case 
w i th l e s s neutrons being captured i n the HT-9 s t r u c t u r e . A neutron absorbed 
i n 6 L i r e l e a s e s ~ 4.8 MeV wh i le i f i t i s captured in the HT-9 s t r u c t u r e ~ 7 
MeV i s r e l e a s e d . 
In order to get a s t a t i s t i c a l l y adequate est imate o f nuc lear heat ing in 
the vacuum pump wi th a reasonable number o f h i s t o r i e s , a Monte Car lo c a l c u -
l a t i o n w i th an angular source b i a s i n g was performed. In t h i s r un , 4000 
11 o 
h i s t o r i e s were used. A vo lumet r i c nuc lear heat ing ra te o f 6 x 1 0 " 1 1 W/cnr was 
obta ined i n the vacuum pump (zone 13) . The f r a c t i o n a l standard d e v i a t i o n was 
0 .25 . Because the vacuum ducts do not see d i r e c t 1 i n e - o f - s i g h t source 
neutrons and they are bent t w i c e , neutron streaming through the ducts was 
found to not cause any se r i ous problem to the vacuum pump. 
The energy f low f o r the HIBALL f u s i o n r e a c t o r des ign i s i l l u s t r a t e d in 
F i g . V I . 3 - 1 8 . The va lues g iven f o r the power correspond to one r e a c t o r c a v i -
t y . The re fo re , these va lues need to be m u l t i p l i e d by 4 to c a l c u l a t e the power 
from the whole power p l a n t . This corresponds to a t o t a l power p lant thermal 
power o f 10,193 MW(th). The o v e r a l l energy m u l t i p l i c a t i o n de f ined as the 
t o t a l energy depos i ted i n the system, i n c l u d i n g the energy depos i ted by X - rays 
and ta rge t d e b r i s at the f i r s t su r face o f the b l a n k e t , d i v i d e d by the f us i on 
r e a c t i o n y i e l d o f 17.6 MeV, i s found to be 1.274. 
V I . 3 . 3 . 6 Summary 
A th ree-d imens iona l Monte Ca r l o neu t ron ics and photon ics a n a l y s i s was 
performed f o r the HIBALL reac to r c a v i t y . An o v e r a l l t r i t i u m breeding r a t i o o f 
1.25 and an o v e r a l l energy m u l t i p l i c a t i o n o f 1.274 were ob ta i ned . The t r i t i u m 
breeding r a t i o i s h igher than tha t f o r the equ iva len t s p h e r i c a l r e a c t o r c a v i -
t y . Nuclear heat ing in the vacuum pump was found to be very s m a l l . The power 
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F igure V I .3 -18 
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OVERALL ENERGY MULTIPLICATION = 1.274 
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in the b i o l o g i c a l concre te s h i e l d represents on ly 0.27% o f the t o t a l r e a c t o r 
thermal power. The thermal power f o r the HIBALL power p lan t i s 10,193 MW(th). 
V I . 3 . 4 Time-Dependent Neut ron ics and Photonics 
V I . 3 . 4 . 1 In t roduc t ion 
In an i n e r t i a l confinement f us i on r e a c t o r the neutron source has a pulsed 
nature because of the very shor t burn t ime over which the f u s i o n r e a c t i o n s 
occur (10-100 p s ) . Fur thermore, the neutron pulse does not reach the f i r s t 
su r face of the b lanket u n t i l ~ 100 ns a f t e r the burn and the neutron s lowing 
down time in the b lanket i s much g rea te r than the du ra t i on o f the neutron 
source . S i g n i f i c a n t so f t en ing o f the energy spectrum o f neutrons escap ing 
from the ta rge t r e s u l t s from neutron i n t e r a c t i o n wi th the dense (~ 1 0 " / c m ) 
f ue l and surrounding tamper m a t e r i a l . This leads to a cons ide rab le t ime o f 
f l i g h t spread as neutrons reach the f i r s t s u r f a c e . There fo re , t ime dependent 
neu t ron ics s tud ies are e s s e n t i a l f o r the proper a n a l y s i s o f i n e r t i a l c o n f i n e -
ment f us i on r e a c t o r s . 
As a r e s u l t o f the pulsed nature of the neutron source , high i ns tan tane -
ous damage ra tes are present i n an i n e r t i a l confinement f u s i o n r e a c t o r wa l l 
and s t r u c t u r e . Th is can lead to s i g n i f i c a n t changes in the m i c r o s t r u c t u r e ^ 1 4 ) 
o f the f i r s t wal l m a t e r i a l . It has a l s o been found tha t high ins tantaneous dpa 
ra tes r e s u l t i n h igher recombinat ion ra tes wi th the vo id growth being i n -
h i b i t e d and s w e l l i n g d e c r e a s e d . ( 1 5 ) Accurate ins tantaneous damage ra tes can 
be c a l c u l a t e d by performing t ime-dependent neu t ron ics s t u d i e s . Prev ious t ime 
dependent neu t ron ics s tud ies have been used to c a l c u l a t e the ins tantaneous dpa 
ra te i n the f i r s t wa l l o f a l a s e r f us i on r e a c t o r ^ 1 6 ) and an e l e c t r o n beam 
f u s i o n r e a c t o r . ( 1 7 ) No c o r r e c t i o n f o r the t ime of f l i g h t spread of neutrons 
w i t h i n each energy group was made in these s t u d i e s . 
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A mod i f ied ve rs i on o f the t ime dependent d i s c r e t e o rd ina tes code TDA 
(18) 
has been used to perform t ime-dependent neu t ron ics a n a l y s i s f o r HIBALL. The 
e f f e c t s o f the INPORT f i r s t wal l p r o t e c t i o n concept on the peak ins tantaneous 
and average dpa and gas produc t ion ra tes i n the f e r r i t i c s t ee l f i r s t wa l l have 
been i n v e s t i g a t e d . The steady s ta te d i s c r e t e o rd ina tes ANISN^ 1 ) code was used 
to determine the average t ime in teg ra ted r a d i a t i o n damage r a t e s . 
Energy d e p o s i t i o n i n the porous tubes and f i r s t wal l o f the HIBALL f u s i o n 
reac to r i s important i n the de te rmina t ion o f t h e i r s t r u c t u r a l i n t e g r i t y . The 
temporal and s p a t i a l dependence of energy d e p o s i t i o n i s a l so requ i red f o r 
s t r e s s a n a l y s i s s t u d i e s . The energy d e p o s i t i o n ra te i n teg ra ted over the v o l -
ume of the b lanket o f a l a s e r f u s i o n reac to r was c a l c u l a t e d i n a p rev ious 
s t u d y . ( 1 9 ) However, no d e t a i l e d t ime dependent f l u x e s o r energy d e p o s i t i o n 
ra tes at d i f f e r e n t po in ts were g i v e n . In t h i s work, the ins tantaneous energy 
d e p o s i t i o n ra tes at d i f f e r e n t p o s i t i o n s i n the b lanket and f i r s t wal l are 
c a l c u l a t e d . 
V I . 3 . 4 . 2 Heavy Ion Beam Reactor Computational Model 
A schematic of the b l a n k e t , f i r s t w a l l , r e f l e c t o r , and s h i e l d c o n f i g u -
r a t i o n f o r the HIBALL f u s i o n reac to r i s g iven in F i g . V I . 3 - 1 . The n u c l i d e 
d e n s i t i e s used in the c a l c u l a t i o n s are given in Table VI .3-1 The r e s u l t s 
presented here f o r the damage and energy d e p o s i t i o n ra tes are based on a DT 
y i e l d o f 400 MJ which corresponds to 1.42 x 1 0 2 0 source neutrons per p u l s e . A 
r e p e t i t i o n ra te o f 5 Hz i s used to determine the t o t a l dpa and hel ium produc-
t i o n in the f i r s t wa l l per f u l l power year (FPY) . 
The steady s t a t e d i s c r e t e o rd ina tes code ANISN was used to perform de-
t a i l e d neu t ron ics and photon ics c a l c u l a t i o n s w i t h i n the t a r g e t , g i v i n g the 
t ime in teg ra ted energy spectrum o f neutrons escaping from the ta rge t as ex-
p la ined in s e c t i o n I I I . l . Th is spectrum was used as a source f o r the t ime 
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dependent b lanket neu t ron ics a n a l y s i s performed us ing the t ime dependent 
mu l t i -g roup d i s c r e t e o rd ina tes code TDA. ANISN was used to c a l c u l a t e the t ime 
in teg ra ted r e a c t i o n r a t e s . S ince the p a r t i c l e t r anspo r t codes used are one-
d imens iona l , s p h e r i c a l geometry was used in the b lanket c a l c u l a t i o n s and hence 
the r e s u l t s represent the worst c o n d i t i o n s at the c e n t r a l plane o f the 
c y l i n d r i c a l r e a c t o r . A P3-S8 approximat ion was used in the t r anspo r t c a l c u -
l a t i o n s . A coupled 25 neutron-21 gamma group c ross s e c t i o n l i b r a r y has been 
used. Th is l i b r a r y c o n s i s t s o f the RSIC DLC-41B/VITAMIN-C data l i b r a r y ^ 3 ) and 
the DLC-60/MACKLIB-IV response data l i b r a r y . ( 4 ) 
V I . 3 . 4 . 3 Neutron Source 
The t a r g e t , though a b s o l u t e l y very s m a l l , i s an extremely dense medium 
composed p r i m a r i l y of l i g h t e lements. This r e s u l t s i n a s u b s t a n t i a l c o l l i s i o n 
p r o b a b i l i t y f o r f u s i o n neutrons c rea ted w i t h i n i t . The 14.1 MeV f u s i o n 
neutrons are degraded in energy as a r e s u l t o f e l a s t i c c o l l i s i o n s wi th the 
fue l (DT) and i n e l a s t i c c o l l i s i o n s wi th the high Z m a t e r i a l s (Pb ) . Neutron 
m u l t i p l i c a t i o n a l so r e s u l t s from (n,2n) and (n,3n) r e a c t i o n s wi th the con-
s t i t u e n t elements o f the t a r g e t . S ince the neutrons escap ing from the ta rge t 
represent t h e neutron source f o r the b lanket neu t ron ics c a l c u l a t i o n s , i t i s 
e s s e n t i a l to perform d e t a i l e d neu t ron ics c a l c u l a t i o n s f o r the t a rge t to 
account a c c u r a t e l y f o r spectrum so f ten ing and neutron m u l t i p l i c a t i o n . 
S ince the burn t ime o f the ta rge t (10-100 ps) i s much g rea te r than the 
s lowing down t ime of f u s i o n neutrons in the extremely dense ta rge t (~ 0.1 p s ) , 
steady s t a te c a l c u l a t i o n s y i e l d usefu l i n f o rma t i on . Furthermore, s i nce the 
burn time i s much smal le r than the t ime neutrons take to reach the f i r s t su r -
face o f the b lanket i n c l u d i n g the t ime of f l i g h t spread , neutrons are assumed 
to be emit ted in a pu lse wi th zero t ime dura t ion (<S(t)). This imp l i es t ha t 
the t ime i n teg ra ted spectrum of the neutrons l eak i ng from the ta rge t as c a l c u -
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l a t ed by the steady s ta te code ANISN g ives the c o r r e c t neutron source spectrum. 
In o ther words, i f n L ( E , t ) i s the exact spectrum o f neutrons l eak ing from the 
ta rge t at t ime t w i t h i n the burn , the t ime in teg ra ted spectrum c a l c u l a t e d by 
ANISN i s g iven by 
n (E) = / n ( E , t ) d t , (V I .3 -1 ) 
H 
where t B i s the burn t ime . S ince the burn t ime i s very s m a l l , a l l neutrons 
l eak ing at d i f f e r e n t t imes dur ing the burn are assumed to be emit ted at t=0 
and the source f o r the b lanket c a l c u l a t i o n s i s g iven by 
S ( E , t ) = n L ( E ) 6( t ) . (V I .3 -2) 
S ince the ta rge t has a very smal l rad ius compared to the rad ius o f the reac to r 
c a v i t y , the neutron source i s represented by a point source at the cen te r o f 
the r e a c t o r . Fur thermore, neutrons are emit ted i s o t r o p i c a l l y from the ta rge t 
and the complete r ep resen ta t i on o f the neutron source i s g iven by 
S ( M , r , E , t ) = n L (E ) 6( r ) 6( t ) 6 (u - l ) . (V I .3 -3) 
D e t a i l e d neu t ron ics and photonics c a l c u l a t i o n s have been performed f o r 
the HIBALL ta rge t as d i scussed i n Sec t ion I I I . l . The r e s u l t s show tha t a 
t a r g e t neutron m u l t i p l i c a t i o n o f 1.046 i s ob ta i ned . Th is r e s u l t s main ly from 
(n,2n) r e a c t i o n s in the dense DT fue l core and L iPb pusher. The average ener-
gy o f neutrons l eak i ng from the ta rge t i s 11.98 MeV imp ly ing tha t 71.2% of the 
f us i on energy i s c a r r i e d by the emerging neut rons . The spectrum of neutrons 
l eak i ng from the t a r g e t , n L ( E ) , i s g iven in F i g . V I . 3 - 1 9 . 
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As neutrons t r a v e l from the ta rge t to the f i r s t su r face o f the b lanket 
cons ide rab le t ime of f l i g h t spreading occurs because o f the broad energy 
d i s t r i b u t i o n o f these neut rons. The a r r i v a l t ime spectrum at the f i r s t s u r -
face loca ted 5 m from the neutron source i s shown i n F i g . V I . 3 - 2 0 . The num-
bers at the bottom o f the graph i n d i c a t e the energy groups assoc ia ted wi th the 
va r ious t i m e s . S ince a l l neutrons i n a s p e c i f i e d energy group are fo rced by 
the mul t igroup treatment o f the neu t ron ics code to t r a v e l at the same v e l o c i t y 
cor responding to the average group energy, these neutrons w i l l a r r i v e at the 
f i r s t sur face s imu l taneous ly and no t ime of f l i g h t spread cor responding to the 
energy group width w i l l be observed. In order to preserve the c o r r e c t a r r i v a l 
t ime spectrum at the f i r s t s u r f a c e , source neutrons are g iven a r t i f i c i a l b i r t h 
t imes assoc ia ted wi th t h e i r energ ies w i t h i n the group. I f the t ime o f f l i g h t 
spread cor responding to the gth energy group width i s A g s the mod i f ied neutron 
source f o r group g i s represented by a r ec tangu la r pulse wi th a t ime du ra t i on 
o f A g . This necessary c o r r e c t i o n f o r t ime of f l i g h t spread o f neutrons w i t h i n 
each energy group was not made in the prev ious t ime dependent neu t ron ics 
a n a l y s i s o f i n e r t i a l confinement f u s i o n r e a c t o r s . 
V I . 3 . 4 . 4 Time Dependent Neutron Spectrum in the HT-9 F i r s t Wall 
A v e r s i o n of the t ime dependent mul t igroup d i s c r e t e o rd ina tes code TDA, 
modi f ied to f a c i l i t a t e i t s use f o r the a n a l y s i s o f i n e r t i a l confinement f u s i o n 
r e a c t o r s ^ 2 0 ) , has been used to perform t ime dependent neu t ron ics and photonics 
c a l c u l a t i o n s f o r the HIBALL b lanket and r e f l e c t o r model i l l u s t r a t e d in F i g . 
V I . 3 - 1 . For compar ison, c a l c u l a t i o n s have been a l so made f o r the case o f an 
unprotected wa l1 . 
The source f o r the problem invo l ves D i rac d e l t a f unc t i ons which are qu i te 
d i f f i c u l t to represent wi th standard f i n i t e d i f f e r e n c e methods. To c i rcumvent 
t h i s d i f f i c u l t y the u n c o i l i d e d f l u x i s determined a n a l y t i c a l l y and an a n a l y t i c 
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Figure V I .3 -20 A r r i v a l t ime spectrum a t the f i r s t su r f ace of the b l a n k e t . 
f i r s t c o l l i s i o n source i s used by the code to determine the c o l l i d e d par t o f 
the f l u x . 
The neutron spectrum in the pro tec ted f e r r i t i c s tee l f i r s t wal l i s i l l u s -
t ra ted i n F i g . V I . 3 - 2 1 . The r e s u l t s are shown at 10 ns and 70 ns a f t e r the 
u n c o i l i d e d neutrons o f the h ighest energy s t r i k e the w a l l . The neutron 
spect ra in the unprotected wal l at d i f f e r e n t t imes f o l l o w i n g the a r r i v a l o f 
the lead ing edge o f the pulse at the wal l are g iven in F i g . V I . 3 - 2 2 . Com-
par ing the r e s u l t s i n F i g s . VI .3-21 and V I . 3 - 2 2 , we no t i ce tha t s i g n i f i c a n t 
neutron a t tenua t ion occurs i n the INPORT tubes . 
Neutrons slowed down in the inner b lanket reg ion take a r e l a t i v e l y long 
t ime to reach the f i r s t w a l l . Th is t ime depends on the s lowing down t ime o f 
neutrons in the b l anke t , the speed of slowed down neut rons , and the p o s i t i o n 
w i t h i n the b lanket at which the s lowing down i n t e r a c t i o n o c c u r s . At e a r l y 
t imes , f o l l o w i n g the a r r i v a l o f the f a s t e s t u n c o l l i d e d neutrons at the f i r s t 
w a l l , most o f the neutrons i n the f i r s t wal l are in the high energy groups. 
Only neutrons which have been slowed down in the porous tubes c l ose to the 
f i r s t wal l are ab le to a r r i v e at the wal l by t h i s t ime . Neutrons slowed down 
in the wal l i t s e l f r e s u l t i n the r e l a t i v e l y low peak at ~ 1 MeV i n F i g . 
V I . 3 - 2 1 . At 60 ns l a t e r , most o f the high energy neutrons have a l ready passed 
the f i r s t wal l wh i le neutrons slowed down in the b lanket are s t i l l a r r i v i n g a t 
the f i r s t wa l l p r i m a r i l y because o f the r e l a t i v e l y long s lowing down t ime o f 
neutrons in the b l anke t . There fo re , the t ime dependent spectrum and conse-
quent ly the instantaneous damage ra tes i n the f i r s t wa l l are governed by two 
f a c t o r s ; the t ime of f l i g h t spread and the s lowing down t ime spread in the 
b l a n k e t . In l e a d , which i s the main cons t i t uen t o f the b l a n k e t , the s lowing 
down time from 14.1 MeV to the i n e l a s t i c , t h resho ld energy of 0.57 MeV i s about 
1 us . At energ ies below 0.57 MeV, s lowing down i s due to e l a s t i c s c a t t e r i n g 
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with a very small energy l o s s per c o l l i s i o n r e s u l t i n g i n much longer s lowing 
down t i m e s . The re fo re , the t ime spread of the spectrum in the f i r s t wa l l of 
our system i s determined p r i m a r i l y by the s lowing down t ime i n the b l a n k e t . 
On the other hand, the t ime o f f l i g h t spread i s the dominant f a c t o r i n 
the case o f the unprotected wal l because o f the absence o f the " i n n e r " s lowing 
down r e g i o n . The spectrum at 5 ns a f t e r the a r r i v a l of the l ead ing edge of 
the neutron pu lse c o n s i s t s main ly o f f i r s t group neutrons coming d i r e c t l y from 
the source . The so f t par t o f the spectrum shown i n F i g . V I .3 -22 i s due to 
backward s c a t t e r i n g o f 14.1 MeV neutrons in the r e f l e c t o r reg ion and neutron 
s lowing down in the wal l i t s e l f . As t ime e l a p s e s , lower energy source 
neutrons a r r i v e at the f i r s t w a l l . The e f f e c t o f neutron s lowing down i n the 
r e f l e c t o r i s not as pronounced here as compared to the e f f e c t o f neutron 
s lowing down in the inner b lanket f o r the case of pro tec ted w a l l . The reason 
i s tha t the p r o b a b i l i t y o f b a c k s c a t t e r i n g o f high energy neutrons i s small 
compared to the p r o b a b i l i t y o f forward s c a t t e r i n g . There fo re , the t ime-
dependent damage ra te i n the unprotected wal l i s a f f e c t e d p r i m a r i l y by the 
t ime of f l i g h t sp read . 
V I . 3 . 4 . 5 Atomic Displacement Rate 
The ins tantaneous damage ra tes i n the f i r s t wal l have been c a l c u l a t e d 
using the t ime dependent neutron spectrum i n the wal l and the appropr ia te r e -
a c t i o n c ross s e c t i o n s . The instantaneous dpa ra te in the pro tec ted f e r r i t i c 
s tee l f i r s t wal l i s g iven i n F i g . V I . 3 - 2 3 . The r e s u l t s correspond to a 400 MJ 
f u s i o n y i e l d . The cumula t ive dpa i s i l l u s t r a t e d in F i g . V I . 3 - 2 4 . It i s c l e a r 
that the damage occurs over a r e l a t i v e l y long t ime r e s u l t i n g i n a peak i n s t a n -
taneous dpa ra te o f 0.009 dpa/s at 140 ns a f t e r burn . Th is peak corresponds 
to the 14 MeV source neutrons a r r i v i n g wi thout c o l l i s i o n . A broad peak at 
~ 270 ns corresponds to neutrons emi t ted in (n ,2n) ' r eac t i ons wi th lead in the 
0.1 0.2 0.3 0.5 1.0 2.0 5.0 10.0 
TIME FROM BURN (fts) 
Figure V I .3 -23 DPA r a t e i n the p ro tec ted f i r s t w a l l . 
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Figure V I .3 -24 Cumulat ive DPA in the p ro tec ted f i r s t wa l l 
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INPORT tubes . This cons ide rab le t ime spread r e s u l t s from the r e l a t i v e l y long 
s lowing down time in the b lanket a l l ow ing neutrons o f energ ies g rea te r than 
the dpa th resho ld energy o f i r o n (~ 1 keV) to e x i s t i n the f i r s t wal l over a 
long per iod o f t ime . 
The instantaneous dpa ra te i n an unprotected wal l i s shown in F i g . V I . 3 - 2 5 . 
The t ime spread i s very small compared to the case o f the pro tec ted w a l l . The 
t ime spread i s determined here by the t ime of f l i g h t spread o f neutrons as 
they t r a v e l from the source to the w a l l . The e f f e c t o f the INPORT tube pro-
t e c t i o n , used in HIBALL, on the atomic d isplacement i n the f i r s t wa l l i s given 
in Table V I . 3 - 1 3 . The t o t a l dpa per f u l l power year (FPY) was determined 
us ing the steady s ta te code ANISN w i th a r e p e t i t i o n ra te o f 5 Hz. 
The wal l p r o t e c t i o n i s found to decrease the t o t a l cumula t ive dpa and the 
peak instantaneous dpa ra te by f a c t o r s o f 9.4 and 1190, r e s p e c t i v e l y . The 
l a r g e r reduc t i on in the peak instantaneous dpa ra te r e s u l t s from t ime spread 
FWHM i n c r e a s i n g from 5 to 980 ns . The reduc t i on in dpa achieved here i s much 
l a r g e r than tha t achieved i n a 316 SS f i r s t wal l p ro tec ted by 0.5 m of l i q u i d 
L i , ( 1 7 ) t y p i c a l of the HYLIFE c o n c e p t . ( 2 1 ) In t h i s case the average ra te was 
found to decrease by a f a c t o r o f 3.6 and the peak instantaneous ra te to de-
crease by a f a c t o r o f 13. Larger reduc t i on i s obta ined in our case because Pb 
i s more e f f e c t i v e than L i i n s lowing down high energy neutrons and C i s more 
e f f e c t i v e than L i i n s lowing down low energy neut rons . I f we assume tha t the 
l i f e o f the wal l w i l l approach 10 Mw-y/m 2 (the ta rge t f o r the U.S . f u s i o n ma-
t e r i a l s program), and 1 MW-y/m2 = 11 dpa, then on ly 4.9 MW-y/m2 w i l l be ac-
cumulated w i th the INPORT un i t s and 46 MW-y/m 2 wi thout them. This imp l i es 
t ha t the wa l l p r o t e c t i o n concept used in HIBALL w i l l be very e f f e c t i v e in re -
ducing damage to the f i r s t w a l l , a l l ow ing i t to l a s t f o r the l i f e t i m e of the 
r e a c t o r (20 fu l1 power y e a r s ) . 
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Table V I .3 -13 
E f f e c t o f F i r s t Wall P r o t e c t i o n on Atomic Displacement 
Peak Instantaneous Time Spread fwhm Tota l dpa 
dpa ra te (dpa/s) (dPa/FPY) 
Pro tec ted Wall 0.009 980 2.7 
Unprotected Wal 1 10.7 5 25.4 
V I . 3 . 4 . 6 Helium Produc t ion Rate 
The instantaneous hel ium product ion ra te in the pro tec ted f e r r i t i c s tee l 
f i r s t wal l i s g iven i n F i g . V I . 3 - 2 6 . A peak ins tantaneous hel ium product ion 
ra te o f 0.11 appm/s occurs about 15 ns a f t e r the l ead ing edge o f the pu lse 
a r r i v e s at the w a l l . The cumulat ive hel ium product ion i s g iven i n F i g . V I . 3 - 2 7 . 
It i s c l e a r that the t ime spread here i s much sma l le r than tha t f o r the dpa. 
The reason i s tha t the (n,a) r e a c t i o n in i r on has a t h resho ld energy o f ~ 2.7 
MeV and neutrons at energ ies g rea te r than t h i s energy e x i s t i n the f i r s t wal l 
over a r e l a t i v e l y short p e r i o d . Only one peak occurs because the (n,2n) 
neutrons do not c o n t r i b u t e to hel ium p roduc t i on . The ins tantaneous hel ium 
product ion ra te in an unprotected wal l i s g iven i n F i g . V I . 3 - 2 8 . Again the 
t ime spread in t h i s case i s determined p r i m a r i l y by the t ime o f f l i g h t spread 
of source neut rons . 
The e f f e c t o f the INPORT f i r s t wa l l p ro tec t i on on the hel ium product ion 
i s g iven i n Table V I . 3 - 1 4 . The t o t a l hel ium product ion i n a f u l l power year 
i s found to decrease by a f a c t o r o f 630 wh i l e the peak ins tantaneous hel ium 
product ion ra te i s found to decrease by a l a r g e r f a c t o r o f 1627. Since the 
hel ium product ion r e a c t i o n i s a high energy r e a c t i o n , neutron s lowing down in 
VI .3 -59 
— 1 1 6 — 
0 . I 2 1 — i — i — i — i — I — r — I — i — r 
120 140 160 180 200 220 
TIME FROM BURN (ns) 
Figure V I .3 -26 Helium p roduc t ion ra te in the p ro tec ted f i r s t 
w a l l . 
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Table V I .3 -14 
— 1 1 9 • 
E f f e c t o f F i r s t Wall P r o t e c t i o n on Helium Produc t ion 
Peak Instantaneous Total Helium 
Helium Produc t ion Time Spread FWHM Produc t ion 
Rate (appm/s) (ns) (appm/FPY) 
Pro tec ted Wall 0.11 26 0.364 
Unprotected Wall 179 5 737 
the b lanket i s found to have a pronounced e f f e c t on hel ium product ion in the 
w a l l . 
V I . 3 . 4 . 7 Energy Depos i t i on Rate 
The t ime-dependent neutron and gamma f l u x e s are used together wi th the 
appropr ia te kerma f a c t o r s f o r neutron and gamma energy d e p o s i t i o n to c a l c u l a t e 
the energy d e p o s i t i o n ra te i n the b lanket and f i r s t w a l l . The r e s u l t s are 
g iven in F i g . V I .3 -29 at the b lanket f i r s t s u r f a c e , the cen te r o f the b l a n k e t , 
and the f i r s t w a l l . The t ime d i s t r i b u t i o n i s very narrow at the f i r s t su r face 
and broadens as one moves towards the f i r s t w a l l . While the t ime spread at 
the f i r s t su r face i s determined by the t ime o f f l i g h t spread, the spread at 
the f i r s t wa l l i s determined by the s lowing down t ime in the inner b l a n k e t . 
For a 400 MJ f u s i o n y i e l d the peak instantaneous power d e n s i t i e s i n the 
b lanket and the f i r s t wal l are found to be 1.82 x 1 0 8 and 2.73 x 1 0 5 W/cm 3 , 
r e s p e c t i v e l y . Th is corresponds to peak to average temporal power d e n s i t y 
r a t i o s o f 8.48 x 1 0 6 and 1.65 x 1 0 5 , r e s p e c t i v e l y . The r e s u l t s i n F i g . 
V I .3 -30 g ive the instantaneous energy d e p o s i t i o n ra te in the unprotected f i r s t 
w a l l . The d i s t r i b u t i o n i s very narrow wi th a peak power d e n s i t y o f 3.3 x 1 0 8 
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Figure V I .3 -29 Energy d e p o s i t i o n ra te i n HIBALL b lanke t and f i r s t 
w a l l . 
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W/cm 3 f o r a 400 MJ f u s i o n y i e l d . The peak to average temporal power dens i t y 
r a t i o in the wal l i s found to be 1.1 x 1 0 7 . The INPORT concept i s found to 
decrease the peak instantaneous power d e n s i t y i n the wal l by a f a c t o r o f 
~ 1210 and the t o t a l nuc lear heat ing in the wal l by a f a c t o r o f ~ 18. These 
r e s u l t s are usefu l f o r s t r e s s a n a l y s i s s t u d i e s . 
V I . 3 . 4 . 8 Summary and Concluding Remarks 
Time dependent neu t ron i cs a n a l y s i s f o r the f e r r i t i c s tee l f i r s t wal l of 
the HIBALL f u s i o n r e a c t o r design has been performed. The a n a l y s i s accounts 
f o r neutron i n t e r a c t i o n s i n the t a rge t r e s u l t i n g in neutron m u l t i p l i c a t i o n and 
s i g n i f i c a n t spectrum s o f t e n i n g . The t ime dependence o f the neutron source i s 
mod i f ied in such a way tha t the mul t ig roup treatment adopted in the t ime de-
pendent t ranspor t code p r e d i c t s the c o r r e c t t ime of f l i g h t spread of neutrons 
i n each group as they t r a v e l from the source to the f i r s t su r face of the 
b lanke t . A mod i f ied v e r s i o n of the t ime dependent d i s c r e t e o rd ina tes code TDA 
has been used. 
Neutron s lowing down in the INPORT f i r s t wal l p ro tec t i on system i s found 
to have a s i g n i f i c a n t e f f e c t on the t ime dependent spectrum and damage in the 
f i r s t w a l l . The t ime over which the damage occurs i s found to be determined 
p r i m a r i l y by the s lowing down t ime in the b lanke t . In the case o f an unpro-
t ec ted w a l l , where no s lowing down occurs i n f ron t o f the w a l l , the spread i s 
determined p r i m a r i l y by the t ime of f l i g h t sp read . 
Using the INPORT f i r s t wal l p r o t e c t i o n concept r e s u l t s i n s i g n i f i c a n t re -
duc t ions in peak ins tantaneous and t o t a l dpa and hel ium product ion ra tes a l -
lowing the f i r s t wal l to l a s t f o r the reac to r l i f e t i m e (~ 20 FPY) . Our re-
s u l t s a l so show tha t the peak power dens i t y i n the f i r s t wal l r e s u l t i n g from 
nuc lea r heat ing decreases cons ide rab l y when the porous tube concept i s used to 
p ro tec t the wa l1 . 
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V I . 3 . 5 R a d i o a c t i v i t y and A f te rhea t 
R a d i o a c t i v i t y w i l l be induced in the coo lan t and s t r u c t u r e o f the HIBALL 
reac to r through a c t i v a t i o n by the f u s i o n neut rons. To t r e a t the problem 
e x a c t l y energy dependent neutron f l u x e s must be c a l c u l a t e d f o r each point i n 
the c a v i t y . Since the a b i l i t y to perform these c a l c u l a t i o n s wi th reasonable 
cos t and e f f o r t does not e x i s t at t h i s t ime a s i m p l i f i e d approach was t aken . 
S p e c i f i c a l l y the r e a c t o r was modeled in s p h e r i c a l geometry w i th m a t e r i a l s and 
dimension c o n s i s t e n t w i th a cut through the midplane o f the r e a c t o r . The 
mul t igroup neutron f l u x used i n the a c t i v a t i o n c a l c u l a t i o n s was taken from the 
one-dimensional ANISN c a l c u l a t i o n s desc r ibed in s e c t i o n V I . 3 . 1 . For the pur-
pose of the c a l c u l a t i o n the reac to r was broken up i n t o 37 i n t e r v a l s and the 
average f l u x in each i n t e r v a l was used. The s i z e and composi t ions o f the 
var ious reg ions i s shown in F i g . V I . 3 - 3 1 . The DKR c o d e ( 2 2 ) was used to c a l c u -
l a t e the r a d i o a c t i v i t y parameters - - a c t i v i t y , a f t e r h e a t , and b i o l o g i c a l 
hazard p o t e n t i a l (BHP). 
The a c t i v i t i e s were c a l c u l a t e d f o r an opera t ing t ime o f two y e a r s . Pre-
v ious c a l c u l a t i o n s on o ther f u s i o n r e a c t o r des igns show tha t the bu i ldup o f 
r a d i o a c t i v i t y i s qu i t e r a p i d , becoming s i g n i f i c a n t a f t e r on ly a few hours o f 
o p e r a t i o n . By the end of two years a l l s h o r t - l i v e d i so topes sa tu ra te and the 
bu i ldup cont inues at a slower r a t e . Thus the a c t i v i t y at t imes a f t e r shutdown 
o f much l e s s than two years i s r e l a t i v e l y independent o f ope ra t i ng t ime wh i l e 
the a c t i v i t y at t imes very much longer than two years a f t e r shutdown i s ap-
prox imate ly p ropor t i ona l to opera t ing t ime . 
The t o t a l a c t i v i t y per un i t o f thermal power f o r the c a v i t y r e g i o n , f i r s t 
mater ia l wa l l and r e f l e c t o r i s shown in F i g . V I . 3 - 3 2 . The l e v e l at shutdown 
i s 0.62 C i / w a t t . t h i s va lue i s somewhat l a r g e r than might be expected con-
s i d e r i n g tha t the bulk o f the a c t i v i t y i s due to the s tee l which i s sh ie l ded 
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from the neutron source by the Pb-L i INPORT r e g i o n . However, the neutron 
m u l t i p l y i n g e f f e c t s o f the Pb in the INPORT reg ion r e s u l t s i n the f l u x i n the 
r e f l e c t o r reg ion remaining r e l a t i v e l y high and t h i s fea tu re combined w i th the 
l a r g e amount o f s t ee l i n the r e f l e c t o r produces the high a c t i v i t y l e v e l . As 
i s t y p i c a l wi th s tee l systems the a c t i v i t y f a l l s o f f r a the r s low ly wi th t ime 
a f t e r shutdown r e q u i r i n g approximate ly three weeks to be reduced by a f a c t o r 
of 10 and two years to be reduced by a f a c t o r o f 100. The r e l a t i v e c o n t r i -
bu t ions of i n d i v i d u a l i so topes i s shown in F i g . V I . 3 - 3 3 . The i n i t i a l a c t i v i t y 
i s dominated by the c o n t r i b u t i o n s of 5 6 M n and 2 0 3 P b . 5 6 M n ( T 1 / 2 = 2.58 hr) 
decays away f i r s t fo l l owed by 2 0 3 P b ( T 1 / 2 = 52 h r ) . Note tha t unless f low 
were ma in ta ined , the 2 0 3 Pb a c t i v i t y would not be present i n the r e a c t o r 
i t s e l f but would be assoc ia ted wi th the coo lan t s torage f a c i l i t y . The next 
major decrease i n a c t i v i t y i s due to the decay of 5 1 C r ( T 1 / 2 = 27.7 d a y s ) . It 
i s fo l1 owed by the decay o f 5 5 F e ( T 1 / 2 = 2 - 7 ^ w h i c h Produces the l a rge 
93 
a c t i v i t y drop between 1 and 100 y e a r s . The long term a c t i v i t y i s due t o Mo 
and 9 3 N b o r i g i n a t i n g i n the smal l amount o f Mo i n the s tee l (HT-9) . 
The a f t e rhea t i s shown i n F i g . V I . 3 - 3 4 . The va lue at shutdown i s 0.66% 
o f the opera t ing power. For the same reasons as the r a d i o a c t i v i t y t h i s value 
i s somewhat h igher than expec ted , but i s c o n s i s t e n t w i th the a c t i v i t y l e v e l . 
S ince the decay energ ies o f the va r ious i so topes are d i f f e r e n t the a f t e rhea t 
curve has a shape which d i f f e r s from tha t o f the a c t i v i t y . It f a l l s o f f much 
more r a p i d l y , by a f a c t o r o f 10 i n about two days and a f a c t o r o f 100 i n two 
weeks. The r e l a t i v e c o n t r i b u t i o n s o f the va r i ous i so topes are shown i n F i g . 
V i . 3 . 3 5 . At shutdown 5 6 M n i s the dominat ing i s o t o p e . The decay o f t h i s i s o -
tope p lus the r e l a t i v e l y r a p i d decay of 2 0 3 P b account f o r the order o f magni-
tude drop i n two days . 5 1 C r , which c o n t r i b u t e s s i g n i f i c a n t l y t o the a c t i v i t y 
i n the one week to one month p e r i o d , c o n t r i b u t e s very l i t t l e to the a f t e r h e a t , 
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thus the a f t e rhea t i n t h i s per iod i s governed p r i m a r i l y by the decay of 2 0 3 P b . 
The decay energy o f 5 5 F e i s a l s o low as i s the decay energy of the remaining 
iso topes which leads to the ra the r low r e s i d u a l a f t e rhea t subsequent to about 
100 y e a r s . 
The B i o l o g i c a l Hazard P o t e n t i a l (BHP) i s shown in F i g . V I . 3 - 3 6 . BHP i s 
de f ined as the r a t i o o f the a c t i v i t y present i n the system per un i t of power 
to the l e v e l o f a c t i v i t y a l lowed per un i t volume o f a i r i n the U .S . Nuclear 
Regulatory Commission Regu la t ions (10 CFR 2 0 ) . Thus i t i s a measure of the 
p o t e n t i a l hazard o f a r a d i o a c t i v e m a t e r i a l . The BHP o f the coo lan t f i r s t wa l l 
and r e f l e c t o r i s shown i n F i g . V I . 3 - 3 6 . The u n i t s are cub ic k i l omete rs o f a i r 
per k i l o w a t t o f thermal power. The shape of the curve i s s i m i l a r to the shape 
of the a c t i v i t y curve be ing 26.0 at shutdown and r e q u i r i n g almost one month to 
be down by a f a c t o r o f ten and wi th a long term reduc t i on o f on ly th ree orders 
of magnitude. 
The a c t i v i t y , a f t e rhea t and BHP of the s h i e l d are shown i n F i g s . V I . 3 - 3 7 , 
V i . 3 - 3 8 , and V I . 3 - 3 9 . The neu t ron ics c a l c u l a t i o n s f o r the s h i e l d were per -
formed f o r a concre te w i th no r e i n f o r c i n g m a t e r i a l . For the purpose of ob-
t a i n i n g a be t t e r es t imate o f the r a d i o a c t i v i t y r e l a t e d parameters o f the 
s h i e l d the f l u x e s from the above c a l c u l a t i o n s were used w i th a concre te having 
r e i n f o r c i n g mate r ia l and wi th composi t ion t y p i c a l o f the s a c r i f i c i a l s h i e l d o f 
a B W R . ( 2 3 ) I t i s t h i s compos i t ion which was shown i n F i g . V I . 3 - 3 1 . The 
a c t i v i t y i n the s h i e l d i s s i g n i f i c a n t l y lower than the a c t i v i t y i n the r e f l e c -
t o r , but the va lue o f 6.3 x I O " 3 C i / w a t t i s s t i l l s i g n i f i c a n t . The t ime be-
hav io r o f the a c t i v i t y i s dominated a f t e r the f i r s t day by the a c t i v i t y o f 
5 5 F e w h i c h con t inues to be the major c o n t r i b u t o r u n t i l t imes g rea te r than 100 
y e a r s . The a f t e rhea t at shutdown i s 7.7 x 10" 2 % of the opera t ing power which 
wh i l e r e l a t i v e l y smal1 , w i l l s t i l l r equ i r e some r e s i d u a l heat removal c a p a c i t y . 
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The a f te rhea t drops o f f f a s t e r wi th t ime than does the a c t i v i t y p r i m a r i l y 
because of the low decay energy of 5 5 F e . The BHP i s a l so r e l a t i v e l y low and 
f a l l s o f f s l o w l y , again because of the hazard c h a r a c t e r i s t i c s of nuc le i i n -
v o l v e d . To get a somewhat d i f f e r e n t app rec ia t i on of the magnitude of the 
a c t i v i t i e s in the s h i e l d the above values at shutdown correspond to an average 
a c t i v i t y of 3.4 x I O " 3 C i / c m 3 , an a f te rhea t of 4.1 x I O - 5 W/cm 3 , and a BHP of 
6.7 x I O " 1 1 k m 3 / c m 3 . 
The c a l c u l a t e d neutron and gamma doses ou ts ide the s h i e l d have been p re -
sented in sec t i on V I . 3 . 2 . An a d d i t i o n a l component i s the dose due to a c t i -
vat ion p roduc ts . This component i s present dur ing opera t ion and shutdown 
p e r i o d s . To c a l c u l a t e t h i s dose the a c t i v i t i e s c a l c u l a t e d above have been 
used along with a one-dimensional gamma t ranspor t program. The r e s u l t s of 
t h i s c a l c u l a t i o n i n d i c a t e d that the dose ou ts ide the s h i e l d from a c t i v a t i o n of 
the r e f l e c t o r and ma te r i a l s in the s h i e l d i s qu i te low, 4.7 x 1 0 " 5 mrem/hr at 
shutdown. 
These low values plus the cons ide ra t i on that the neut ron ics and prompt 
gamma c a l c u l a t i o n s were done wi th no high Z ma te r i a l s in the s h i e l d , r e i n f o r c e 
the idea that the s h i e l d i s somewhat overdesigned and that a more r e a l i s t i c 
cho ice of s h i e l d composi t ion would lead to a th inner s h i e l d using less m a t e r i -
a l s whi le s t i l 1 showing accep tab le dose l e v e l s ou ts ide the chamber. 
These c a l c u l a t i o n s must be used wi th a c e r t a i n amount of c a r e . F i r s t the 
geometr ic modeling of the system i s very s imp le . I t would have been much more 
s a t i s f a c t o r y to have th ree-d imens iona l f l uxes fo r the actual geometry. F u r t h e r -
more no account has been taken of some of the spec ia l fea tures of the system. 
For example, a c t i v a t i o n and s h i e l d i n g of the vacuum system has been i gno red . 
The a c t i v a t i o n of the tube support s t r uc tu re in the INPORT region has been 
o m i t t e d . Also no c a l c u l a t i o n s have been performed to get a c t i v i t i e s in the 
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beam t ranspor t system. The omiss ion o f these d e t a i l s do not i n v a l i d a t e the 
c a l c u l a t i o n s presented but do requ i re tha t they be used wi th c a r e . 
The c a l c u l a t i o n s are a l so on ly as good as the c ross s e c t i o n data used i n 
them. Whi le the data set used i n DKR< 2 4) was compi led wi th care us ing the 
best a v a i l a b l e data e i t h e r exper imental o r c a l c u l a t i o n a l , i t i s l i k e l y t h a t 
some r e a c t i o n s have been omi t ted . For example i t i s known tha t i f lead i s 
exposed to a neutron f l u x , an i somer ic s ta te at 0.91 MeV i n 2 0 4 P b i s e x c i t e d 
( T 1 / 2 = 66.9 m in ) . However, the c ross s e c t i o n f o r t h i s r e a c t i o n i s not known 
and the re fo re has not been i n c l u d e d . 
As a f i n a l po in t the e f f e c t o f i m p u r i t i e s has not been accounted f o r i n 
the L i P b . B ismuth, f o r example, i s a common impur i ty i n commercial l e a d . T h e 
r e a c t i o n 2 0 9 B i + n + 2 1 0 B i 2 1 0 P o i s then p o s s i b l e and of concern because 
2 1 0 P o i s a lpha em i t t i ng and v o l a t i l e . Th is problem was cons idered i n the 
NUWMAK(25) s tudy. A Bismuth concen t ra t i on o f 42 appm was used as a b a s i s f o r 
the c a l c u l a t i o n . Th is value was taken from the assay o f a r e l a t i v e l y h igh 
p u r i t y lead purchased f o r a s lowing down t ime spect rometer . Assuming Bismuth 
has an 1/v absorp t ion c ross s e c t i o n the 2 1 0 P o content was c a l c u l a t e d to be 
0.26 C i / t onne of Pb. There i s approx imate ly 2300 tonnes of P b / c a v i t y i n 
210 
HIBALL. I f the prev ious r a t i o s were c o r r e c t the cor responding amount o f Po 
would be ~ 600 C i . Th is amount o f a c t i v i t y , wh i le s i g n i f i c a n t , i s very much 
a n d ; 
l e s s than the a c t i v i t y o f the res t o f the mate r ia l i n the system S h o u l d pre-
sent no s p e c i a l problem. A l s o , s ince the h a l f - l i f e o f 2 1 0 P o i s shor t (138.4 
days) i t presents no long term s torage problem. 
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VI.4 Behavior o f Pb -L i Vapor 
A unique eng ineer ing problem f o r ICF reac to rs i s the design of a f i r s t 
sur face which can ca r r y away the s teady -s ta te average sur face heat and at the 
same time su rv i ve the t r a n s i e n t temperature i nc rease generated by X - ray and 
ion deb r i s from the ta rge t e x p l o s i o n . In HIBALL, the INPORT tubes serve t h i s 
purpose. The INPORT tubes , f i 11ed wi th f l ow ing P b 8 3 L i 1 7 c o o l a n t , p ro tec t the 
f i r s t s t r u c t u r a l wal l from excess ive neutron damage. The SiC tubes themselves 
are pro tec ted from the short range X- ray and ion deb r i s by a t h i n l a y e r o f 
PbLi that f lows down the ou ts ide of the porous t u b e . 
A f t e r a t a rge t e x p l o s i o n , the X- ray energy i s depos i ted w i t h i n 1 0 " 3 cm o f 
the f i r s t s u r f a c e . The temperature o f a t h i n l a y e r of L i 1 7 P b 8 3 exceeds i t s 
b o i l i n g temperature, and i s vapo r i zed . Th is ab la ted mate r ia l f lows toward the 
cen te r o f the c a v i t y and i n t e r c e p t s the ions generated by the e x p l o s i o n . The 
energy assoc ia ted w i th the ions i s absorbed by the L i 1 7 P b 8 3 gas and does not 
d i r e c t l y impinge on the f i r s t s u r f a c e . The gas heats up to a very high 
temperature and s t a r t s to r e l ease i t s energy by thermal r a d i a t i o n toward the 
cool f i r s t s u r f a c e . The 1 i qu i d sur face temperature inc reases upon r e c e i v i n g 
energy from t h i s thermal r a d i a t i o n and condensat ion of the vapor. The h igher 
sur face temperature i nc reases the vapor pressure and consequent ly i nc reases 
the v a p o r i z a t i o n r a t e . The c a v i t y pressure i s very high a f t e r the i n i t i a l X-
ray d e p o s i t i o n , and v a r i e s by the combined e f f e c t s o f evaporat ion and conden-
s a t i o n . It i s o f c r i t i c a l importance to beam t ranspo r t and, to a l e s s e r 
degree, vacuum pumping to c a l c u l a t e the pressure h i s t o r y a f t e r an e x p l o s i o n . 
One important f a c t o r determin ing r e p e t i t i o n ra te i s tha t the vacuum c o n d i t i o n 
i n the c a v i t y be low enough to a l l ow beam t r a n s p o r t . 
In t h i s s e c t i o n , the behav ior o f the Pb -L i vapor i s d i s c u s s e d . In 
sec t i on V I .4 .1 the d e p o s i t i o n o f ta rge t generated X - rays and the subsequent 
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v a p o r i z a t i o n of the Pb-L i i s d e s c r i b e d . Sec t ion V I . 4 .2 deals with the 
s topping of ta rget generated ions in the vapor , the f low of Pb-L i i n to the 
reac to r chamber and the r a d i a t i o n of photon energy from the vapor back onto 
the tubes . Sect ion V I . 4 . 3 conta ins a d e s c r i p t i o n of the vapo r i za t i on and 
condensat ion of the Pb-L i vapor . The pressure h i s t o r y of the c a v i t y i s thus 
e s t a b l i s h e d . D i f f e r e n t X-ray spectrums r e s u l t in d i f f e r e n t masses of 
evaporated mate r ia l and t h i s i s a l so i n v e s t i g a t e d . 
V I .4 .1 X-ray Energy Depos i t ion and the Resu l t i ng Evaporat ion 
Target generated X-rays w i l l depos i t t h e i r energy over a short range in 
Pb-L i and w i l l heat t h i s t h i n l aye r to high temperatures. The X-ray depo-
s i t i o n and the energy d e n s i t i e s of the Pb-L i a f t e r depos i t i on are computed. 
This leads to a s imple heat balance method of c a l c u l a t i n g the mass of vapor-
i zed P b - L i . 
The energy depos i t i on from X-rays can be descr ibed by exponent ia l a t t enu -
a t i on i n s i d e the m a t e r i a l . The p h o t o - e l e c t r i c c ross sec t ions are those g iven 
by B i g g s . D e t e r m i n a t i o n of the energy depos i ted from a given spectrum must 
a l so account fo r t ranspor t of any sca t te red photons. I f , however, the pr imary 
i n t e r a c t i o n i s the p h o t o - e l e c t r i c e f f e c t , the s c a t t e r i n g can be ignored and an 
exponent ia l depos i t i on p r o f i l e can be assumed. The p h o t o - e l e c t r i c e f f e c t com-
p r i s e s 90% of the i n t e r a c t i o n s fo r photon energ ies up to 10 keV, 30 keV and 70 
keV fo r carbon, i ron and molybdenum, r e s p e c t i v e l y . ( 2 ) Since lead i s of ye t 
h igher Z , the p h o t o - e l e c t r i c e f f e c t i s dominant to even higher photon energy. 
The vo lumet r ic energy depos i t i on fo r a monoenergetic spectrum can be 
represented by 
-p x 
q = u F e H v v ov 
where q y = energy /un i t vo lume/uni t f requency 
F 0 V = i n c i den t i n t e n s i t y , ene rgy /un i t a r e a / u n i t f requency 
m v = absorp t ion c ross sec t i on at energy hv. 
The t o t a l energy depos i ted per un i t volume i s obta ined by i n t e g r a t i o n 
over the X - ray spectrum. 
F igure VI .4-1 shows the X- ray energy spectrum obta ined from the ta rge t 
c a l c u l a t i o n s ^ 3 ) d i scussed in sec t i on I I I . l . The spectrum i s peaked around 3 
keV and extends up to 300 keV. S ince most o f the photons have energ ies we l l 
below 100 keV, we have used the Biggs d a t a . 
F igu re V I .4 -2 shows the vo lumet r ic energy d e p o s i t i o n i n Pb us ing the 
spectrum given in F i g . V I . 4 - 1 . The A*THERMAt.( 4) code was used i n t h i s c a l c u -
l a t i o n . Note that 88 MJ or 22% of the ta rge t y i e l d i s i n the form of X - r a y s . 
The amount o f mass vapor i zed due to the X - ray energy d e p o s i t i o n i s com-
puted using a s imple model. We c a l c u l a t e the t o t a l energy per un i t volume 
requ i red to vapor i ze the l e a d , 8.7 x 1 0 3 J / c m 3 . From the X- ray energy depo-
s i t i o n c a l c u l a t i o n the depth o f the mate r ia l tha t w i l l be vapor ized can be 
determined. This a d i a b a t i c model becomes more accura te f o r very shor t X - ray 
d e p o s i t i o n t imes , i . e . i ns tan taneous . 
We s imply balance heat i n the f o l l o w i n g manner. 
Heat of v a p o r i z a t i o n o f lead = 8.7 x 1 0 5 J / k g * 8.7 x 1 0 3 J / c m 3 
C p ( T b - T 0 ) = C p (1750°C - 400°C) * 1944 J / c m 3 
Total ( J /cm 3 ) f o r v a p o r i z a t i o n = 1.06 x 1 0 4 J / c m 3 . 
From the X- ray energy d e p o s i t i o n curve ( F i g . V I .4 -2 ) t h i s corresponds to a 
t h i ckness of approx imate ly 2.5 mic rons . . To account f o r energy d e p o s i t i o n 
above C p ( T b - T Q ) i n the reg ion between the sa tu ra ted l i q u i d and the s e n s i b l e 
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heat , we have assumed tha t there i s some a d d i t i o n a l v a p o r i z a t i o n . This a d d i -
t i o n a l v a p o r i z a t i o n accounts f o r the a d d i t i o n a l energy d e p o s i t i o n above 
C p ( T b - T 0 ) as i s shown s c h e m a t i c a l l y i n F i g . V I . 4 - 3 . This g ives an a d d i t i o n -
a l t h i ckness of the vapor ized l a y e r of about 1.8 mic rons . Therefore the t o t a l 
t h i ckness of ma te r ia l vapor ized * 4 .3 m ic rons . 
We now can c a l c u l a t e the mass of vapor ized P b - L i , 
M 0 s P 4i rR 2 6 
where p = dens i t y o f l ead 
R = rad ius of the c a v i t y 
6 = t h i c k n e s s of ma te r ia l vapor ized 
S u b s t i t u t i n g , we get M 0 * 13 k g / s h o t . 
These c a l c u l a t i o n s were repeated us ing c y l i n d r i c a l geometry and the re -
s u l t s d i d not d i f f e r by very much. This i s because the geometry i s almost a 
square c y l i n d e r . 
An example o f how the X- ray spectrum a f f e c t s the mass of ma te r ia l vapor-
i zed i s shown i n F i g . V I . 4 - 4 . Three d i f f e r e n t blackbody spectrums were used . 
In t h i s example, the t o t a l energy conta ined i n X- rays i s 33.6 MJ. The s o f t e r 
spectrum of 0.5 keV has a very shor t range. The harder the spectrum, the more 
i t penet ra tes through the m a t e r i a l . We conclude tha t the mass of ma te r ia l 
vapor ized w i l l be determined by the X- ray spectrum and X- ray y i e l d . This i s 
determined by the s p e c i f i c t a rge t d e s i g n . 
V I . 4 . 2 Pb -L i Gas Dynamics and Rad ia t i on 
As d iscussed in the preceding s e c t i o n , t a r g e t generated X - rays vapo r i ze 
severa l k i lograms of Pb-L i o f f of the INPORT tubes . The r e s u l t i n g gas absorbs 
the t a rge t generated i o n s , reaches a temperature o f about 1 eV and becomes 
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p a r t i a l l y i o n i z e d . As t h i s gas spreads from the tubes i n t o the cen te r o f the 
r e a c t o r c a v i t i e s , i t r a d i a t e s photons which put a heat f l u x back onto the 
tubes . E v e n t u a l l y , the gas un i fo rmly f i l l s the c a v i t y and coo l s enough t ha t 
the heat f l u x on the tubes i s i n s i g n i f i c a n t . Before t h i s happens, though, 
there may be some a d d i t i o n a l v a p o r i z a t i o n o f P b - L i due to the heat f l u x . As 
the gas r a d i a t e s , i t a l s o c o o l s , a f f e c t i n g the ra te o f recondensa t ion . For 
these reasons , i t i s important t o cons ide r the behav ior o f t h i s gas between 
the time of v a p o r i z a t i o n and recondensa t ion . 
To study t h i s problem, i t i s necessary to know the e q u a t i o n - o f - s t a t e and 
o p t i c a l data f o r gaseous P b - L i . We desc r i be an atomic phys ics c a l c u l a t i o n 
p rov id ing t h i s in fo rmat ion in sec t i on V I . 4 . 2 . 1 . 
Once the atomic phys ics o f the gas i s understood, the motion and r a d i -
a t i o n o f the gas can be s t u d i e d . In s e c t i o n V I . 4 . 2 . 2 we d i s c u s s a computer 
s imu la t i on o f the gas behav ior which uses the r e s u l t s o f the atomic phys ics 
c a l c u l a t i o n s in sec t i on V I . 4 . 2 . 1 . 
With t h i s computer model, we can p r e d i c t what heat f l u x e s the INPORT 
tubes might exper ience from gas r a d i a t i o n and we i n v e s t i g a t e the s e n s i t i v i t y 
o f such r a d i a t i o n to the t o t a l mass of the Pb-L i vapo r i zed . In s e c t i o n 
V I . 4 . 2 . 2 we present heat f l u x e s and average gas temperatures versus t ime f o r 
va r ious Pb-L i masses. 
F i n a l l y , i n s e c t i o n V I . 4 . 2 . 3 we s ta te our conc lus i on tha t the gas behav i -
or i s f a i r l y s e n s i t i v e to the mass of the gas and comment on the s i g n i f i c a n c e 
o f these r e s u l t s . 
V I . 4 . 2 . 1 Equat ion o f S ta te and Opac i ty o f Gaseous Pb -L i 
The atomic phys ics o f gaseous Pb-L i i s s tud ied wi th the M I X E R ( 5 » 6 ) com-
puter code. This code has been developed at the U n i v e r s i t y o f Wisconsin t o 
VI .4 -10 
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prov ide data t a b l e s of i n t e r n a l energy d e n s i t y , i o n i z a t i o n s t a t e , heat c a p a c i -
t y and r a d i a t i o n o p a c i t i e s of gas m i x t u res . Th is i s done as func t i ons of gas 
temperature, gas dens i t y and r a d i a t i o n temperature. I o n i z a t i o n i s assumed t o 
occur i n e i t h e r the Saha< 7) o r the C o r o n a l * 8 ) model and r a d i a t i v e processes to 
f o l l o w a s e m i - c l a s s i c a l f o r m a l i s m . ^ In a mixture o f gases the e l e c t r o n 
d e n s i t y i s c a l c u l a t e d s e l f - c o n s i s t e n t l y and the i n t e r a c t i o n o f r a d i a t i o n i s 
cons idered wi th the 20 lowest e x c i t e d s t a tes o f the s i x most common i o n i z a t i o n 
s t a t e s f o r each gas s p e c i e s . 
Some r e s u l t s o f c a l c u l a t i o n s w i th t h i s code f o r P b 8 3 L i 1 7 are shown i n 
F i g s . V I .4 -5 and V I . 4 - 6 . F igure V I .4 -5 i s a p lo t of the i o n i z a t i o n s t a t e o f 
P b 8 3 i _ i 1 7 over the plane of gas temperature and d e n s i t y . One can see on t h i s 
p lo t where the Saha model i s used by remembering the f a c t tha t Saha i o n i z a t i o n 
can be a f unc t i on o f dens i t y wh i le Coronal i o n i z a t i o n cannot . The boundary 
between the two reg ions fol1ows the c r i t e r i o n 
"e " 1 0 1 6 <kB T g a s ) 7 / 2 
where k B T g a s i s i n e V . ( 8 ) Saha i o n i z a t i o n i s used at h igh dens i t y and low 
gas temperature. It i s a l s o important t o note tha t the dependence of the 
i o n i z a t i o n on the gas temperature makes the e q u a t i o n - o f - s t a t e ra the r non-
idea l . 
F igu re V I .4 -6 shows the Planck averaged mean f r e e path p l o t t e d over the 
gas temperature - r a d i a t i o n temperature plane f o r a g iven d e n s i t y . Notable 
f ea tu res of t h i s are the t ransparency of cool gas to low temperature r a d i a t i o n 
and the extreme v a r i a b i l i t y o f t h i s parameter. This v a r i a b i l i t y can make 
r a d i a t i o n t ranspo r t very s e n s i t i v e to the changes i n the c o n d i t i o n s i n a gas . 
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V I . 4 . 2 . 2 Rad ia t i on - Hydrodynamics in P b - L i 
We have modeled the behav io r o f the Pb -L i gas wi th the 1-D Lagrangian 
rad ia t ion-hydrodynamics computer code, F I R E . ( 1 0 ) Th i s code has e x p l i c i t 
hydrodynamics and i m p l i c i t energy t ranspor t where heat i s conducted through 
two f l u i d s - the gas at a l o c a l temperature o f T g a s and the r a d i a t i o n f l u i d at 
a temperature o f T r a d l - a t i o n . In these c a l c u l a t i o n s , conduct ion through the 
r a d i a t i o n f i e l d dominates the thermal t r a n s p o r t . Transpor t c o e f f i c i e n t s and 
e q u a t i o n - o f - s t a t e in fo rmat ion i s obta ined from a t a b l e o f data provided by a 
c a l c u l a t i o n wi th MIXER. 
FIRE cannot accu ra te l y model the behav ior o f f l u i d which i s as dense as a 
l i q u i d . Thus, we must a n a l y t i c a l l y c a l c u l a t e the dynamics from the t ime when 
the Pb-L i i s at l i q u i d dens i t y u n t i l , the t ime that the dens i t y i s low enough 
f o r FIRE c a l c u l a t i o n s to be a p p r o p r i a t e . We assume tha t the gas obeys an i s o -
thermal b low-o f f formal ism where the temperature o f the gas i s tha t due to the 
depos i ted ta rge t generated X- ray energy minus the energy of v a p o r i z a t i o n and 
the energy of i o n i z a t i o n . We a r b i t r a r i l y assume that the energy from ta rge t 
generated ions i s un i fo rmly depos i ted i n the gas at 1.5 x 1 0 " 4 seconds a f t e r 
v a p o r i z a t i o n and tha t FIRE can be u,;ed any t ime a f t e r t h i s . Thus, at t h i s 
t ime we s t a r t the computer c a l c u l a t i o n s wi th the gas d e n s i t y p r o f i l e being the 
Gaussian shape p red ic ted by the b low-o f f model and the t o t a l energy i n the gas 
being the ta rge t generated X - ray and ion energy minus the v a p o r i z a t i o n and 
i o n i z a t i o n energy. 
The FIRE c a l c u l a t i o n s imu la tes the gas dynamics u n t i l the t ime the gas 
reaches the cen te r o f the c a v i t i e s . F igure V I .4 -7 shows the p o s i t i o n s o f the 
Lagrangian zone boundar ies f o r a t y p i c a l c a l c u l a t i o n dur ing t h i s p e r i o d . Upon 
reach ing the c e n t e r , the gas begins to conver t i t s bulk k i n e t i c energy i n t o 
hea t , but F IRE, being a one-dimensional code, p r e d i c t s tha t the gas w i l l 
( U 3 ) S 3 N 0 Z J 0 N Ö l l I S Ö d 
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r e f l e c t o f f the cen ter and propagate back towards the t ubes . This i s not 
phys i ca l because the system does not have the symmetry needed f o r such r e f l e c -
t i o n s . For t h i s reason we stop t h i s f i r s t s imu la t i on c a l c u l a t i o n at the t ime 
when the gas reaches the c e n t e r , t y p i c a l l y about 1 m i l l i s e c o n d a f t e r v a p o r i -
z a t i o n . 
To s imu la te the behav ior past t h i s t ime we assume tha t the gas has a u n i -
form temperature and dens i t y and has no bulk k i n e t i c energy immediately a f t e r 
the gas c o l l a p s e s i n the cen te r . We f i n d the temperature tha t w i l 1 g ive the 
proper amount o f energy, 
E gas ~ E x - r a y + E i o n " E v a p o r i z a t i o n " ^ i o n i z a t i o n " E r a d i a t i o n ' 
where E r a d i a t i o n i s the energy rad ia ted back i n t o the tubes by t h i s t ime . We 
then use FIRE again wi th t h i s new i n i t i a l c o n d i t i o n and wi th the gas con-
s t r a i n e d not to move. By combining both uses o f FIRE, we c a l c u l a t e the heat 
f l ux on the tubes due to r a d i a t i o n and the average temperature o f the gas 
versus t ime. 
To t e s t the s e n s i t i v i t y o f the gas behav ior to the t o t a l mass of Pb-L i 
v a p o r i z e d , we have completed c a l c u l a t i o n s f o r th ree d i f f e r e n t t o t a l masses; 
6.7 kg , 13.3 kg and 26.6 kg. In F i g s . V I .4 -8 through V I .4 -10 the heat f l u x e s 
on the sur faces of the tubes are shown f o r t o t a l masses o f 6.7 kg , 13.3 kg and 
26.6 kg , r e s p e c t i v e l y . 
The average temperatures are shown i n F i g s . VI .4-11 through V I . 4 - 1 3 . 
Not ice that there i s i n each case a l a rge pulse o f heat reach ing the su r face 
immediately a f t e r the gas c o l l a p s e s i n the c e n t e r . Th is i s an e f f e c t o f the 
convers ion of bulk k i n e t i c energy i n t o heat . As i s seen i n F i g s . VI .4-11 
through V I . 4 - 1 3 , there i s a l s o a pu lse in the average temperature o f the gas 
VI.4-16 
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which i s due to t h i s convers ion of k i n e t i c energy i n t o heat and which causes 
the i nc rease i n heat f l u x . The same process has been seen i n imploding w i re 
exper iments . 
V I . 4 . 2 . 3 Conc lus ions 
Comparison of F i g s . V I . 4 -8 through V I .4 -10 shows tha t the heat f l u x can 
vary by two orders of magnitude when the t o t a l mass i s changed by a f a c t o r o f 
f o u r . At low gas mass the temperature must be high because the i n t e r n a l energy 
dens i t y i s h i g h . A l s o , the r a d i a t i o n passes through l e s s dense gas more e a s i -
l y . Thus, the heat f l u x e s are h igher f o r low t o t a l gas mass. As the mass of 
the gas i s i n c r e a s e d , both of these t rends are reversed and the gas r a d i a t e s 
energy more s lowly back to the tubes . 
V I . 4 . 3 Evapora t ion /Condensat ion C a l c u l a t i o n s 
Once the r a d i a t i o n heat f l u x and the temperature o f the gas i s known, the 
behav io r of the gas d e n s i t y i n the c a v i t y over t ime can be i n v e s t i g a t e d . The 
ra te tha t gas leaves the c a v i t i e s i s governed by geometry o f the c a v i t i e s and 
the gas temperature. The ra te tha t gas i s added to the c a v i t y through evapor-
a t i o n o f f o f the tubes i s determined by the temperature o f the Pb-L i f i l m on 
the tubes . Th is temperature can be found through a temperature d i f f u s i o n 
c a l c u l a t i o n in t h i s f i l m f o r the su r face heat f l u x e s c a l c u l a t e d i n s e c t i o n 
V I . 4 . 2 . 
In s e c t i o n V I . 4 . 3 . 1 we desc r i be the methods used in the temperature 
d i f f u s i o n c a l c u l a t i o n , i n the condensat ion and in the evapo ra t i on . In s e c t i o n 
V I . 4 . 3 . 2 we present and d i scuss r e s u l t s . Conc lus ions of a general nature are 
made i n sec t i on V I . 4 . 3 . 2 . 
V I . 4 . 3 . 1 C a l c u l a t i o n Procedure 
The governing equat ions f o r heat t r a n s f e r , condensat ion and evapora t ion 
a re : 
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* 8 2 T _ r 8T 
K — 7 = pC r 
9X 
(V I .4 -1 ) 
m cond. = 3 ' 6 4 \ (M/RT ) 
1/2 (V I .4 -2) 
s vap. 
(V I .4 -3 ) 
i n 'which: K  i s thermal c o n d u c t i v i t y o f Li^yPbgß 
P i s d e n s i t y , g /cm 3 
C P i s s p e c i f i c hea t , J / g K 
T i s temperature, K 
X i s d i s t ance from f i r s t s u r f a c e , cm 
t i s t ime , sec 
m c o n d . i s condensat ion r a t e , g /sec - cm
2 
p g i s pressure of the gas , Torr 
M i s mo lecu la r weight 
T 9 i s temperature of the gas , K 
m e v p . i s evapora t ion r a t e , g /sec - cm
2 
Ps i s s a t u r a t i o n vapor pressure of f i r s t su r face 
Ts i s the temperature of the f i r s t s u r f a c e , K. 
The i n i t i a l c o n d i t i o n s a r e : 
T = 1150 K 0 < x < 1 0 " 4 cm' 
T = T ( x ) x > I O " 4 cm 
P g = 108 Torr 
T g = 14500 K 
VI .4-24 
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The boundary c o n d i t i o n s f o r Eq. VI .4-1 a r e : 
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K £ = hot a t * = 0 
K d l = n (T - T c ) at x = X 0 
i n which q t o t = q r + q c - q v . We have used the f o l l o w i n g d e f i n i t i o n s : 
q r i s energy depos i ted due to r a d i a t i o n 
q c i s energy depos i ted due to condensat ion 
q v i s energy l o s s due to evapora t ion 
h i s heat t r a n s f e r c o e f f i c i e n t 
T c i s temperature o f the c o o l a n t . 
T(x) i s the temperature p r o f i l e i n the coo lan t tube w a l l . Th is tempera-
t u r e i s unknown at the beg inn ing of the c a l c u l a t i o n and has to be es t ima ted . 
However, a f t e r a few c y c l e s , a q u a s i - s t e a d y - s t a t e w i l l be e s t a b l i s h e d and 
T(x) can be c a l c u l a t e d . 
Equat ion VI .4 -1 cannot be so lved e x a c t l y due to the compl ica ted i n i t i a l 
and boundary c o n d i t i o n s . There fo re , the f o l l o w i n g f i n i t e d i f f e r e n c e form i s 
used: 
. cond • • . . . 
v v ^ ' W " < V I - 4 - 4 ) 
i n which A6 i s t ime s tep and i s < . , T,- i s temperature of zone i 
j J 1 
before t ime step A e , c o n d j i i s the conductance (—) between zones j and i , 
[ vpCp ] i i s the thermal i n e r t i a of zone i and 1\ i s new temperature of zone i 
a f t e r Ae. 
By using Eqs. V I . 4 - 2 , V I . 4 - 3 , and V I . 4 - 4 , and s t a r t i n g from the i n i t i a l 
c o n d i t i o n , a l l the in fo rmat ion in the c a v i t y can be c a l c u l a t e d step by s t e p . 
V I . 4 . 3 . 2 Resu l ts and Cone!usions 
We have c a l c u l a t e d heat t r a n s f e r in the Pb-L i f i l m , evaporat ion and 
condensat ion wi th the f o l l ow ing assumpt ions: 
a . The c a v i t y i s sphe r i ca l with R = 5 m. 
b. The gas zone has a uniform temperature and p ressu re , 
c The condensat ion and evaporat ion are by Pb o n l y . 
d . The mater ia l p roper t i es are independent of temperature. 
e . The f i r s t sur face forms a sphe r i ca l enc losure over the c a v i t y . 
f . The th i ckness of the tube wal l i s 1.5 mm. 
g . The coolant temperature i s 324°C and has a heat t r a n s f e r c o e f f i c i e n t 
of 12 W/cm 2-°C. 
The r e s u l t s of a s e r i e s of c a l c u l a t i o n s fo r 13 kg of vapor ized Pb-L i are 
summarized from F i g . V I .4 -14 to F i g . V I . 4 - 2 0 . F igure VI .4-14 shows the 
temperature of the f i r s t sur face as a func t i on of t ime. An examinat ion of 
t h i s curve shows that the temperature h i s t o r y i s not the same fo r the f i r s t 
two sho ts . F igure V I .4 -15 shows the temperature of the wal l as a func t i on of 
d i s tance from f i r s t sur face j u s t before the f i r s t three e x p l o s i o n s . It can be 
seen that temperature has almost converged to a q u a s i - s t e a d y - s t a t e a f t e r 3 
s h o t s . F igure VI .4 -16 shows the condensat ion and evaporat ion r a t e s . Note 
that fo r a vapor ized mass of 13 kg , evaporat ion i s not impor tant . F igure 
V I .4 -17 shows the t o t a l condensat ion and evapora t ion and the mass in the 
c a v i t y as a func t ion of t ime. At t imes a f t e r 0.1 s e c , the mass of gas in the 
ro 
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F i g . V I .4 -14 Temperature o f the f i r s t su r face dur ing the f i r s t two s h o t s . 
Mass o f vapor i zed gas = 13000 g . 
Mo = 13,000g 
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F i g . VI .4-15 Temperature o f the PbLi at the s t a r t o f the f i r s t three 
c y c l e s . Mass o f vapor ized gas = 13000 g . 
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V i . 4 - 1 6 Condensation and evaporat ion ra tes on f i r s t su r face fo r 
o f vapor ized gas - 13000 g . 
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F i g . VI .4-17 Total condensat ion , evaporat ion and mass in c a v i t y fo r 
mass vapor ized = 13000 g . 
Mo =13000 g 
T I M E (sec) 
— sat— o e - r i A 




























- 6 9 i - IE -K IA 
Mo = 13,000 g 
T I M E ( s e c ) 
.4_20 Atomic d e n s i t y i n c a v i t y versus t ime . Mass o f vapor i zed gas = 1 
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c a v i t i e s i s a small number which i s the d i f f e r e n c e of two l a r g e r numbers, MQ 
and the condensed mass. F igure VI .4 -18 shows the sur face heat ing rate due to 
r a d i a t i o n , condensat ion and evapo ra t i on , the summation of which i s the heat ing 
on the f i r s t s u r f a c e . Not ice that the heat from r a d i a t i o n i s dominant for 
much of the t ime . F igure VI .4 -19 shows the pressure and F i g . V I .4 -20 shows 
p a r t i c l e dens i t y in the c a v i t y as a func t ion of t ime. 
The vacuum pressure at t ime = 0.2 second should be low enough to a l l ow 
beam propagat ion . The p a r t i c l e dens i t y at t h i s time i s 4 x 1 0 1 0 c m " 3 . The 
c a l c u l a t i o n of the beam s t r i p p i n g cross sec t i on w i l l show that t h i s pressure 
i s accep tab le . I t must be no ted , however, that the t o t a l mass in the c a v i t y 
i s only 7 x 1 0 " 3 g . This i s obta ined by sub t rac t i ng the condensat ion mass 
from the sum of i n i t i a l mass and evapora t ion mass, both of which are la rge and 
very c l o s e . The t o t a l condensat ion mass i s 1.5 x 10 4 gm. There fo re , the 
unce r ta i n t y of the t o t a l mass in the c a v i t y at t = 0.2 second i s very l a r g e . 
A change of assumptions may lead to a s i g n i f i c a n t v a r i a t i o n on the f i n a l 
p a r t i c l e d e n s i t y . 
A change of the ta rget design may change the energy assoc ia ted wi th the 
X-rays and/or the spectrum of the X - r a y s . This w i l l change the i n i t i a l mass 
evaporated by the X-ray d e p o s i t i o n . To study the e f f e c t of d i f f e r e n t X-ray 
energy or s p e c t r a , a d i f f e r e n t i n i t i a l mass i s assumed. Two a d d i t i o n a l com-
puter c a l c u l a t i o n s are performed with MQ = 26 kg and 6.5 kg. The l a r g e r mass 
reduces the i n i t i a l gas temperature and a l s o the r a d i a t i o n heat f l u x to the 
f i r s t s u r f a c e . Consequent ly , the thermal energy deposi ted on the f i r s t s u r -
face i s spread over a longer per iod of t ime , as can be seen on F i g . V I . 4 - 2 1 . 
The lower gas temperature a l so reduces the condensat ion r a t e , as can be seen 
in Eq. V I . 4 - 2 . Smal ler i n i t i a l mass, on the other hand, inc reases the i n i t i a l 
gas temperature. The high gas temperature r e s u l t s in a la rge heat f l u x to the 
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f i r s t su r face and, consequent ly , causes a la rge evaporat ion r a t e . Thus, the 
e f f e c t of evaporat ion dominates c a v i t y mass t r a n s f e r . F igure VI .4 -22 shows 
the sur face temperature of the three c a s e s . As expec ted , the sur face tempera-
tu re inc reases d r a s t i c a l l y i f the mass of vapor ized gas i s reduced. This 
occurs because the heat f l u x shown in F i g . VI .4-21 i s so much higher at low 
mass. This leads to a h igher evaporat ion rate in the low mass (6.7 kg) case 
shown in F i g . V I . 4 - 2 3 . Here the evaporat ion rate i s shown to be, at t i m e s , 
much l a r g e r than the condensat ion r a t e . This leads to the increases in c a v i t y 
p ressu re , mass and atomic dens i t y with time at low mass shown in F i g s . V I . 4 - 2 4 , 
V I . 4 - 2 5 , and V I . 4 - 2 6 , r e s p e c t i v e l y . F i g . VI .4-27 shows the atomic dens i t y at 
0.2 second fo r the three cases of i n i t i a l mass. There i s a sharp minimum at 
M 0 = 13 kg which i s due to the gas temperature being high enough fo r quick 
condensat ion and the heat f l u x being low enough fo r i n s i g n i f i c a n t e v a p o r a t i o n . 
When M 0 = 26.6 kg the gas temperature i s too low and recondensat ion i s s low. 
When M 0 = 6.7 kg , the r a d i a t i o n heat f l u x i s high enough that evapora t ion i s a 
problem. 
In summary, we have cons idered the v a p o r i z a t i o n , gas dynamics and conden-
sa t ion of Pb-L i from the f i l m on the INPORT tubes . The mass of the gas vapor-
i zed by the ta rge t generated X-rays i s 13.3 kg and the gas dens i t y in the 
c a v i t y 0.2 seconds a f t e r the ta rge t exp los ion i s low enough fo r ion beam 
p ropaga t i on . The gas dens i ty at 0.2 seconds has been found to be s e n s i t i v e to 
the mass of vapor ized Pb-L i and t h u s , s e n s i t i v e to changes in the ta rge t X-ray 
spectrum. 
m ro — — 7 
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F i g . VI .4-22 Temperature o f the f i r s t sur face versus time fo r d i f f e r e n t 
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F i g . V I .4 -23 Condensation and evapo r i za t i on ra tes fo r mass o f vapor ized 
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F i g . VI .4-24 Cav i ty pressure versus time fo r d i f f e r e n t masses o f vapor ized gas. 
F i g . VI .4-25 Total mass in c a v i t y versus time fo r d i f f e n t masses of 
vapor ized gas. 
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27 F ina l atomic dens i t y i n the c a v i t y versus mass of PbLi 
vapo r i zed . 
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VI .5 Vacuum System 
V I .5 .1 General D e s c r i p t i o n 
The prev ious s e c t i o n desc r ibed the behaviour o f the PbLi vapor i n the 
c a v i t y a f t e r each sho t . It was found tha t the vapor pressure of PbLi f a l l s 
below I O " 4 t o r r i n the order o f 200 ms a f t e r the sho t . In the present s e c t i o n 
we wi l1 deal wi th the non-condensable f r a c t i o n o f the gas load w i t h i n the 
c a v i t y , namely D 2 , T 2 and He. We w i l l attempt to access the e f f e c t o f the 
PbLi vapor on the vacuum systems f o r the c a v i t y and the beam 1 i n e s . 
The c a v i t y atmosphere i s p r i m a r i l y d i c t a t e d by the requirements needed to 
propagate the beams to the ta rge t wi th minimal l o s s e s due to s t r i p p i n g and 
charge exchange. These i ssues have been addressed i n Chapter V. S i m i l a r l y , 
the equ i l i b r i u rn pressure o f the non-condensable f r a c t i o n has to be mainta ined 
reasonably low, al though t h e i r e f f e c t on beam propagat ion i s not as great as 
PbLi at the same number d e n s i t y , s imply because o f the d i f f e r e n c e i n mass. 
Fur thermore, the noncondensable p a r t i a l pressure has to be kept low because i t 
c o n s t i t u t e s a cont inuous source of molecules m ig ra t ing i n t o the beam 1 ines 
where the pressure must be kept at ~ 1 0 " 7 t o r r . 
The source of hydrogen in the c a v i t y i s from the unburned f ue l i n the 
t a r g e t , the newly bred T re leased w i t h i n the c a v i t y and the deuterium gas load 
from the ta rge t i n j e c t o r . Helium comes p r i m a r i l y from the DT r e a c t i o n and 
T 2 b reed ing , w i th a minor c o n t r i b u t i o n from T 2 decay. At pressures on the 
order of I O " 4 t o r r , ou tgass ing does not dominate and w i l l be neg lec ted . Out-
gass ing i s a se r i ous problem i n the beam l i n e s where the pressure must be 
th ree orders o f magnitude lower . 
Immediately a f t e r a sho t , the w a l l s o f the INPORT tubes as we l l as o ther 
c a v i t y su r faces act as condensers f o r the PbLi vapors . Although the pressure 
reaches ~ 100 t o r r , because o f the s t i c k i n g c o e f f i c i e n t o f un i t y f o r P b L i , no 
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boundary l a y e r develops on the c a v i t y s u r f a c e s . For t h i s reason the gas 
behaves more as i n mo lecu la r f low ra the r than v i scous f l o w . The behaviour o f 
the non-condensable spec ies w i t h i n the vacuum ducts w i l l thus be t r ea ted wi th 
mo lecu la r f low theory ra the r than v iscous f l ow . 
Most o f the recent f u s i o n r e a c t o r des ign s tud ies have u t i l i z e d compound 
cryopumps f o r pumping hydrogen and he l ium. In these pumps, hydrogen spec ies 
are condensed on chevrons coo led t o ~ 15 K wh i le the heliurn i s cryot rapped on 
molecu la r s i eves app l i ed to panels which are at 4 . 2 K. T y p i c a l l y these pumps 
have speeds of ~ 5 l/s cm 2 f o r D 2 , T 2 and ~ 2 l/s cm 2 f o r He. A major d i s -
advantage of any cryopump i s the need f o r p e r i o d i c r egene ra t i on . This i s done 
by v a l v i n g the pump o f f and warming up the c r y o s u r f a c e s . Although regener-
a t i o n may on ly take ~ 20-30 m i n . , dur ing t h i s t ime the pump i s not a v a i l a b l e 
f o r o p e r a t i o n . Some des igns have reso r ted to p rov id i ng tw ice as many pumps as 
needed, such that on ly h a l f are on l i n e at any one t ime . This i s not space 
e f f i c i e n t , p a r t i c u l a r l y where there are space l i m i t a t i o n s . In severa l past 
d e s i g n s ^ 1 ' 2 ) the UW group has proposed the use of back to back cryopumps such 
as tha t shown in F i g . V I . 5 - 1 . Two se ts o f c r y o p a n e l s , w i th i n t e g r a l b a f f l e s 
and chevron s h i e l d s , are prov ided back to back. While the f ron t panel i s i n 
use , the rea r panel i s being regenerated and the pump body i t s e l f c o n s t i t u t e s 
the s h u t - o f f v a l v e . Although some development work w i l l be needed to pe r f ec t 
the s e a l s f o r such a pump, we f e e l that i t holds the promise f o r s u b s t a n t i a l l y 
i n c r e a s i n g the pumping c a p a c i t y i n systems which are space l i m i t e d . We are 
proposing such pumps f o r the present s tudy . 
In the HIBALL d e s i g n , vacuum por ts have been prov ided at the j u n c t i o n 
between the upper b lanke t modules and the top of the INPORT tubes . The spaces 
between the headers which connect the two b lanket systems together are devoted 
to vacuum p o r t s . There are 30 por ts 65 cm high and 120 cm wide, connected to 

VI .5 -4 — 184 — 
rec tangu la r ducts o f the same d imens ions, l ead ing to cryopumps l oca ted i n t he 
upper corners o f the c a v i t y as shown i n F i g . V I . 5 - 2 . These pumps are we l l out 
o f the r a d i a t i o n f i e l d and Monte Car lo a n a l y s i s has shown tha t the e f f e c t o f 
neutron streaming on them i s n e g l i g i b l e . 
V I . 5 . 2 Pumping o f Non-Condensable Species 
Table VI .5-1 g ives the source and spec ies o f the non-condensable gas 
l o a d . 
At the i n i t i a l gas temperature i n the c a v i t y (1 eV) o f ~ 10,000 K, the 
non-condensables c o n s t i t u t e a gas load o f : 
The vacuum ducts are assumed to be about 400°C i n o rder t o condense any PbLi 
vapor that they admit . At t h i s temperature the throughput becomes: 
The conductance of a shor t duct (L < 25 r) f o r mo lecu la r f l ow i s g iven by the 
D 2 = 320 t o r r . JL/shot 
T 2 = 265 t o r r . A /sho t 
He = 326 t o r r . A /shot 
D 2 = 108 t o r r . i/sec. 
To = 89 t o r r . a/sec. 
He = 110 t o r r . a/sec. 
r e l a t i o n s h i p : ( 3 ) 
REMOVABLE SHIELD 
SEGMENT 








F i g . V I .5 -2 Cross sec t i on o f c a v i t y showing the pump l o c a t i o 
Table V I .5 -1 
Source Species Atoms/Shot Total (a toms/shot) 
Target I n jec to r D 2.83 x 1 0
2 0 
Unburned Fuel D 3.4 x 1 0
2 0 6.23 x 1 0 2 0 
Unburned Fuel T 3.4 x 1 0
2 0 
Newly Bred T 1.76 x I O
2 0 5.16 x I O 2 0 
DT React ion He 1.4 x 1 0
2 0 
T 2 Breeding He 1.76 x 1 0
2 0 
T 2 Decay He 1.9 x 1 0
1 1 3.16 x 1 0 2 0 
where C d u c t i s the conductance of the duct in c m 3 / s e c , L the length in cm, A 
the c r o s s - s e c t i o n a l area in c m 2 , U the per imeter in cm, M the molecu lar weight 
i n gms., R the gas constant (8.3 x 10 7 e rgs /mole) and T the temperature in 
degrees K e l v i n . 
For the given duct area of 65 x 120 c m 2 , L = 450 cm, M = 5 for D 2 T 2 and 
t ak i ng T = 673 K we get : 
C duc t = 6 , 6 x 1 0 ? c m 3 / s e c = 6 - 6 x 1 q 4 £ / s • 
For 30 ducts the conductance i s : 
C n j = 2 x 10 6 Ä/s 
U 2 ! 2 
C u „ = 2.2 x 10 6 Ä/s . 
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The area a v a i l a b l e f o r l o c a t i n g the cryopumps i s ~ 85 m 2 and the u t i l i -
z a t i o n f a c t o r f o r back to back pumps i s ~ 85%. The t o t a l pumping speeds 
2 2 (us ing 5 Ä / S cm f o r D^, T 2 and 2 Ä / S cm f o r He) are then : 
S n j = 3.6 x 1 0 6 Ä / s 
u 2 '2 
S H e = 1.44 x 1 0 6 Ä / S . 
The e f f e c t i v e pumping speed i s obta ined f rom: 
1 _ 1 x 1 
e f f . p duct 
where S p i s the pump speed and C c j u c t the conductance o f the d u c t s . The 
e f f e c t i v e pumping speed i s t hen : 
S e f f . D 2 T 2 = 1 , 3 x 1 q 6 £ / s 
S e f f . H e = 8 ' 7 x 1 q 5 * / s • 
Us ing the throughputs obta ined e a r l i e r , the equ i l i b r i u rn pressures of the 
non-condensable spec ies i n the c a v i t y at 400°C a r e : 
P n j = (108+89) t o r r Ä / S = 1 > 5 X 1 Q - 4 t o r r 
u 2 ' 2 1.3 x 10° Ä / S 
D 110 t o r r Ä / S . - i n - 4 . 
p = ' — = 1.3 x 10 t o r r . 
n e 8.7 x 10° Ä / S 
The equ iva len t pressure r i s e / s h o t at 400°C c o n s i s t e n t w i th a c a v i t y 
volume of 900 m3 i s 4.4 x 1 0 " 5 t o r r f o r D 2 T 2 and 2.5 x I O " 5 t o r r f o r He. The 
t ime needed to evacuate the chamber to the e q u i l i b r i u m pressure i s g iven by: 
t = V - Ln J 
e f f . 2 
where t i s the t ime , V the c a v i t y volume, S e f f > the e f f e c t i v e pumping speed, 
P 1 the pressure i n the c a v i t y a f t e r a shot and P 2 the e q u i l i b r i u m p ressu re . 
For both D 2 , T 2 and He, i t i s found tha t the t ime needed to reach e q u i l i b r i u m 
pressure i s l e s s than 200 msec. Thus, from the s tandpoin t o f r e c o n d i t i o n i n g 
the chamber wi th respec t to the non-condensable s p e c i e s , a r e p e t i t i o n r a t e o f 
5 Hz i s reasonab le . 
V I . 5 . 3 E f f e c t o f PbLi Vapor on the Vacuum Ducts 
It was mentioned e a r l i e r tha t the w a l l s of the vacuum ducts w i l l be main-
ta ined at 400°C. At t h i s temperature, the su r faces are e s s e n t i a l l y b lack t o 
PbLi vapor , and w i l l condense i t immediately upon c o n t a c t . There w i l l not be 
a boundary l a y e r developed and the vapor w i l l obey molecu la r f low c o n d i t i o n s . 
For t h i s reason we f e e l tha t a l l the PbLi vapor which en ters the vacuum ducts 
w i l l be condensed before i t reaches the cryopumps. Since i t w i l l be main-
t a i ned mo l ten , the PbLi w i l l be re turned to the c a v i t y and w i l l r e j o i n the 
bulk o f the breed ing m a t e r i a l . The su r faces i n the v i c i n i t y o f the cryopumps 
w i l l be coo led to ~ 70 K w i th l i q u i d N 2 and they w i l l c e r t a i n l y c r yo t r ap any 
i t i n e r a n t PbLi molecules before they can contaminate the hydrogen and he l ium 
pumping s u r f a c e s . S ince we f e e l t h i s quan t i t y o f f rozen PbLi w i l l be very 
s m a l l , a p e r i o d i c r e g e n e r a t i o n , perhaps every 6 months, w i l l be adequate t o 
prevent excess i ve b u i l d u p . 
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VI .5 .4 E f f e c t o f Cav i t y Atmosphere on the Beam L ines 
The beam 1 i n e s ' i n t e r f a c e wi th the r e a c t o r c a v i t y presents some unique 
problems to the beam 1ine vacuum system. Because the pressure i n the c a v i t y 
dur ing opera t ion never gets below 1 0 " 4 t o r r , i t represents a cont inuous gas 
load which i s admit ted i n t o the beam 1 i n e s . Beam s t r i p p i n g and charge 
exchange problems requ i re tha t the beam 1ine pressure be on the order of 1 0 " 7 
t o r r . The s torage r i ngs themselves operate at vacuum on the order o f 1 0 " 1 0 
t o r r . 
In the e a r l y stages of the study we had proposed r o t a t i n g shu t te rs i n the 
beam por ts i n o rder to minimize the i n f l u x o f PbLi vapor i n t o the beam 1 i n e s . 
The c h i e f concerns were the accumulat ion o f PbLi on the beam ducts amounting 
t o ~ 30 tonnes/day f o r the 20 beams, and the m ig ra t ion o f the vapor deep i n t o 
the beam l i n e system due to v iscous e f f e c t s . We have been reassess ing t h i s 
problem a l l a long and have concluded tha t shu t te rs may not be needed. There 
are two complimentary developments which have led to t h i s c o n c l u s i o n ; they 
a re : 
1. I f the beam duct wa l l temperature can be c a r e f u l l y c o n t r o l l e d such tha t 
the condensed vapor runs o f f i n l i q u i d form and i s re turned to the c a v i t y , 
then accumulat ion ceases to be a problem. 
2. With a s t i c k i n g c o e f f i c i e n t of un i t y on the beam duct w a l l s , the vapor 
does not develop a boundary l a y e r and there are no v i scous e f f e c t s from 
the w a l l s . By us ing molecu lar f low t heo ry , i t i s ev ident tha t the expand-
ing vapor which enters the beam port i s immediately condensed on the 
w a l l s . It can be shown that the pressure can f a l l two orders o f magnitude 
per meter o f beam l i n e i f the narrow dimension o f the l i n e i s < 40 cm. 
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Although the problem of PbLi vapor i n the beam l i n e needs a more r i go rous 
a n a l y s i s before i t can be put t o r e s t , f o r the present we w i l l assume tha t the 
r o t a t i n g shu t te rs w i l l not be needed. 
The non-condensable s p e c i e s , however, w i l l not condense on the beam l i n e 
wa l l s but w i l l proceed f u r t h e r i n t o the beam l i n e s . The conductance of a beam 
l i n e f o r D 2 , T 2 and He at 673 K i s es t imated at ~ 2.8 x 1 0 3 l/s which g i ves 
r i s e to a throughput o f ~ 2.8 x 1 0 " 1 t o r r l / s . For t h i s gas load to be pumped 
at I O " 6 t o r r r equ i r es a cryopump system wi th a c a p a c i t y o f 2.8 x 10 5 l / s , 
namely ~ 5.6 m2 o f c ryosu r face f o r each beam l i n e . D i f f e r e n t i a l pumping 
downstream from the main beam l i n e pumping s t a t i o n w i l l q u i c k l y reduce the 
pressure to the p resc r ibed value of 1 0 " 7 t o r r and l ower . 
The main beam l i n e pumping s t a t i o n w i l l be l oca ted between the second and 
t h i r d focus ing quadrupoles, where a d i s t a n c e of 2 m was al1 owed f o r t h i s pur-
pose. We envisage the same k ind of back to back cryopumps proposed f o r the 
c a v i t y vacuum system to be used in the beam 1ines as w e l l . 
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VI .6 Flow C h a r a c t e r i s t i c s 
The coolant and breeding mater ia l in HIBALL i s L i ' 1 7 P b 8 3 . This mater ia l 
i s chosen fo r i t s high breeding p o t e n t i a l , low t r i t i u m inventory and i ne r t ness 
wi th w a t e r . ^ ) The coolant in HIBALL a l so serves a unique f u n c t i o n , that of 
p ro tec t i on of the f i r s t s t r u c t u r a l sur face from X-ray bombardment. It i s 
c r i t i c a l , t h e r e f o r e , that L i ' 1 7 P b 8 3 w i l l form a cont inuous laye r of f i l m ou t -
s ide the coo lant tubes . One of the reasons fo r using braided SiC coo lant 
tubes i s that there i s enough open space in between the SiC f i b e r s so that 
L i j j P b 8 3 can weep out to form t h i s p ro tec t i on l a y e r . This p ro tec t i on l a y e r 
has to be regenerated a f t e r each shot . Since t h i s l aye r i s d i r e c t l y exposed 
to the c a v i t y , the maximum a l lowab le temperature i s determined by the a l l o w -
ab le vapor pressure in the c a v i t y . 
The heat t r a n s f e r problem fo r the coolant tubes d i r e c t l y exposed to the 
plasma i s complete ly d i f f e r e n t from those in the back. The f ron t tubes are 
sub jec ted to a la rge sur face heat load and, t h e r e f o r e , requ i re a la rge heat 
t r a n s f e r c o e f f i c i e n t . There fo re , a high v e l o c i t y i s r e q u i r e d . The back tubes 
are only subjected to energy deposi ted by neutrons and, t h e r e f o r e , the heat i s 
depos i ted in the c o o l a n t . A low v e l o c i t y i s p re fe r red here to inc rease the 
coo lan t temperature r i s e and thus reduce the coolant mass f low r a t e . One of 
the major o b j e c t i v e s of the INPORT tubes i s to reduce the f low rate so tha t 
the coolant pumping power can be reduced. 
The coo lant f low p a t t e r n , the heat t r a n s f e r cons ide ra t i ons and the s t r e s s 
e f f e c t due to the sudden neutron depos i t i on i s d iscussed in t h i s s e c t i o n . The 
f i r s t wal l p ro tec t i on from the X-ray d e p o s i t i o n , the condensat ion , and r e -
evapora t ion of the p ro tec t i on l aye r i s d iscussed in sec t i on V I . 4 . The im-
por tant t he rma l -hyd rau l i c parameters fo r HIBALL are summarized in Table V I . 6 - 1 . 
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Table VI .6-1 Thermal Hydrau l i c Parameters f o r HIBALL 
(For One Cav i t y ) 
S t r u c t u r a l Ma te r i a l 
Coolant and Breeding Mate r ia l 
Tota l Thermal Power 
Coolant In le t Temperature 
Coolant E x i t Temperature 
Maximum F i r s t Surface Temperature 
Maximum F i r s t Sur face Coolant Temperature 
Maximum S t r u c t u r a l Temperature 
Maximum Coolant V e l o c i t y 
Coolant Flow Rate 
Tota l Coolant Pressure Drop 
Coolant Pumping Dower Required 
Maximum BIanket Coolant Pressure 
Sh ie ld Coolant 
Coolant Temperature 
Coolant Flow Rate 
Maximum S h i e l d Temperature 
Est imated Steam Generator Surface Area 




Gross Thermal E f f i c i e n c y 
V I .6 .1 Coolant Flow Pa t te rn 
The coo lan t f low pa t te rn i s shown i n F i g . V I .6-1 w i th the upper b lanket 
des ign shown in F i g . V I . 6 - 2 . The coo lan t en te rs the reac to r at 330°C. A 
f r a c t i o n of the coo lan t w i l l cool the top b lanke t and e x i t from the top 
b lanket at 400°C. This coo lant w i l l en ter the back s e c t i o n o f the tube reg ion 
HT-9, SiC 
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and e x i t from the tube region wi th a temperature of 500°C. Another f r a c t i o n 
of the coo lant w i l l cool the row of tubes fac ing the p lasma, then e x i t from 
the tube region wi th a temperature of 400°C. This coo lant w i l l be heat ing the 
bottom part of the c a v i t y and e x i t from the reac to r a l so at 500°C. The maxi -
mum coolant temperature at the f i r s t sur face i s 400°C. 
The bas ic design phi losophy in the coolant f low pat tern i s to insure a 
uniform coo lant e x i t temperature. The maximum a l l owab le s t r u c t u r a l tempera-
tu re i s est imated to be 530°C, and the coo lant e x i t temperature should be as 
c l o s e to t h i s temperature as p o s s i b l e so that a high thermal convers ion e f f i -
c i ency can be i n s u r e d . The coo lant entrance temperature i s a compromise be-
tween the power c y c l e requi rement and the coo lant f r e e z i n g temperature con-
s i d e r a t i o n . The 170°C coolant temperature r i s e i s la rge enough to insure a 
reasonable coo lant f low r a t e . 
V I . 6 . 2 F i r s t Surface Heat Trans fer Cons idera t ions 
The f i r s t sur face of a D-T fus ion reac tor rece ives ~ 20% of the t o t a l 
energy in var ious forms. This heat i s deposi ted in the form of sur face ener -
gy. A severe heat t r a n s f e r problem e x i s t s in t h i s a r e a . In an i n e r t i a l l y 
con f ined system, the sur face energy w i l l be depos i ted in a pulsed form and may 
cause excess ive a b l a t i o n problems. The non-uniform heat depos i t i on on the 
f i r s t su r face and i t s assoc ia ted problems are d iscussed in sec t i on V I . 4 . In 
t h i s s e c t i o n , the heat t r a n s f e r problem on a time average bas is i s d i s c u s s e d . 
The r e s t r i c t i o n s and cond i t i ons of the f i r s t sur face of HIBALL a r e : 
1. The maximum time average sur face heat ing load i s 172 W/cm 2 . 
2 . Maximum temperature on the sur face of the coo lant tubes i s 500°C due to 
vapor pressure c o n s i d e r a t i o n s . 
3 . Maximum coolant v e l o c i t y i s 7.5 m/sec due to e ros ion c o n s i d e r a t i o n s . 
The e x i t coo lant temperature has to be maximized under these l i m i t a t i o n s . 
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The energy depos i ted on the f i r s t coo lant tubes can be d i v i ded in to two 
c a t e g o r i e s , that of vo lumet r ic heat ing and sur face hea t i ng . The vo lumet r ic 
energy depos i t i on i s caused by neut rons , wh i le the sur face energy depos i t i on 
i s caused by X - r a y s , debr is and alpha p a r t i c l e s . Because of the c y l i n d r i c a l 
geometry, the energy depos i t i on i s a func t ion of d i s tance from the center and 
i s shown in F i g . V I . 6 - 3 . The maximum sur face heat ing i s 172 W/cm 2 , which i s 
very l a r g e . This sur face heat ing rate w i l l cause temperature drops across the 
p r o t e c t i o n l a y e r , the tube wal l and coo lant boundary l a y e r . The sum of these 
temperature drops has to be small enough to keep T m a x < 500°C. 
The v e l o c i t y requ i red in the f i r s t tubes can be c a l c u l a t d by an energy 
balance as shown in F i g . V I . 6 - 4 . To ensure good heat t r a n s f e r and a minimum 
degradat ion of coolant temperature, i t i s necessary to keep the diameter of 
the f i r s t tubes as small as p o s s i b l e . The requ i red coolant v e l o c i t y , however, 
i nc reases wi th decreas ing coo lant tube s i z e and coolant temperature r i s e . To 
keep a v e l o c i t y < 7.5 m/sec, a coo lant tube ID of 3 cm and a coolant tempera-
tu re r i s e of 70°C are requi r e d . 
The sur face temperature of the f i r s t coo lant tube can be c a l c u l a t e d as a 
func t i on of combined th i ckness of L i 1 7 P b 8 3 f i l m and coo lant tube w a l l . The 
maximum a l lowab le temperature on the sur face i s 500°C. The c a l c u l a t e d r e s u l t s 
are shown in F i g . V I . 6 - 5 . The maximum temperature occurs at the middle po in t 
of the c y l i n d e r due to the maximum sur face heat d e p o s i t i o n , as shown in F i g . 
V i . 6 - 5 . It i s c l e a r that the t o t a l wal l t h i ckness has to be < 1.5 mm wi thout 
exceeding the maximum a l lowab le sur face temperature. This c a l c u l a t i o n de f ines 
the f i r s t tube coolant parameters, as l i s t e d in Table V I . 6 - 2 . 
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F i g . V I .6 -3 Energy Depos i t ion Along the Fi r s t Coolant Tube 
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VELOCITY REQUIRED FOR 
THE FIRST BANK OF TUBES 
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F i g . V I . 6 -5 F i r s t Sur face Temperature as a Funct ion of F i r s t 
Surface Thickness and Coolant Temperature Rise 
Table V I . 2 - 2 
System Parameters fo r F i r s t Flow of Coolant Tubes 
Tube I.D. 3 cm 
Total Tube Wall Thickness ( i nc l ud ing L i 1 7 P b 8 3 l a y e r ) 1.5 mm 
Maximum Surface Heat F lux 17.2 W/cm
2 
Maximum Volumetr ic Heat Depos i t ion 25 W/cm
3 
Coolant Tube I.D. 3 cm 
Coolant Tube Thickness ( i nc l ud i ng L i 1 7 P b g 3 l a y e r ) 1.5 mm 
Coolant V e l o c i t y 7.5 m/sec 
Maximum Surface Temperature 500°C 
Minimum Surface Temperature 380°C 
Maximum Vapor Pressure of L i 1 7 P b g 3 I O "
5 Torr 
V I . 6 . 3 E f f e c t of Expansion Due to Sudden Nuclear Energy Depos i t i on 
A unique phenomena in an i n e r t i a l l y conf ined system i s caused by the 
sudden depos i t i on of energy. The rap id thermal expansion caused by the temper 
ature r i s e w i l l send a shock wave outward. If a tube wi th a rad ius of r i s 
sub jec ted to a temperature r i s e of AT, the rad ius change can be w r i t t en as 
dr = rßAT/2 
in which ß i s the l i n e a r thermal expansion c o e f f i c i e n t or 
v = dr = rßAT/(2 d t ) 
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in which dt i s the time fo r energy d e p o s i t i o n . 
For the f i r s t tubes in HIBALL 
A T " W 5 p c p 
= 3.4°C/shot 
dt = 1 0 ' 6 sec 
M 7.4 x 1 0 " 5 / ° C 
r = 1.5 cm . 
The re fo re , 
-4 
dr = 2 x 10 cm 
v = 200 cm/sec . 
The pressure on the coolant tube caused by t h i s sudden outward expansion 
can be c a l c u l a t e d by 
in which p i s the dens i t y of the m a t e r i a l . 
The pressure c a l c u l a t e d fo r the INPORT tubes i s only 3 psi and i s r e a d i l y 
a c c e p t a b l e . However, s i m i l a r c a l c u l a t i o n s show that under d i f f e r e n t c o n d i -
t i o n s , such as those in H Y L I F E , ( 2 ) the sudden depos i t i on of neutron energy can 
have a la rge impact on the reac to r d e s i g n . This i s caused by a la rge c o e f f i -
c i e n t of expansion fo r l i t h i u m and a l a rge r AT/shot due to the lower repe-
t i t i o n r a t e . 
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VI.7 Support Mechanism and S t ress Cons ide ra t i ons 
V I .7 .1 General D e s c r i p t i o n 
The SiC tubes are designed to be suspended from the top such tha t they 
hang f r e e l y . They are at tached to an upper support p la te which a l so i s the 
coo lan t d i s t r i b u t i o n man i f o l d . R e s t r a i n t aga ins t l a t e r a l motion i s prov ided 
by a support p l a te on the bottom which a l s o con ta ins the f low con t ro l n o z z l e s . 
The c y l i n d r i c a l b lanket zone i s d i v i d e d i n to 30 modules, each subtended 
by 12° o f c a v i t y c i r cumfe rence . Each module c o n s i s t s o f the upper d i s t r i -
bu t ion mani fo ld and tube support p l a t e , the tubes themselves and the bottom 
support p l a t e . Ten of the 30 modules f a l l i n l i n e wi th the c a v i t y beam p o r t s . 
These modules w i l l have beam tubes b u i l t i n as par t o f the u n i t s . 
The f i r s t two rows which are 4 cm apart c o n s i s t o f tubes which are 3 cm 
i n diameter spaced at ~ 5.1 cm cen te r to c e n t e r . There are 41 such tubes in 
each module. The remaining tubes which are 10 cm i n diameter f o l l o w beh ind . 
These tubes are arranged on a 12.5 cm t r i a n g u l a r p i t c h i n between support 
s t r u t s as shown i n F i g . V I . 7 - 1 . There are 102 such tubes i n each module. 
Severa l schemes f o r a t t ach ing the tubes to the upper support p la te were 
c o n s i d e r e d , two o f which are shown i n F i g . V I .7 -2 (a ) and F i g . V I . 7 - 2 ( b ) . In 
F i g . V I .7 -2 (a ) a bead i s woven i n t o the tube at the end. Th is bead i s then 
captured between a threaded c o n i c a l f l ange and the upper p l a t e . F igu re 
V I .7 -2 (b ) shows severa l p i i e s o f the bra ided f a b r i c e n c i r c l i n g a c o n i c a l 
r e s t r a i n i n g r i n g . The tube i s s imply i nse r t ed from the top through the ho le 
and i s held in pi ace by the c o n i c a l r i n g . 
The upper tube support p la te i s welded to s t r u t s which anchor i n t o the 40 
cm t h i c k r e f l e c t o r wa l1 . The sec t i ons at the end of each s t r u t s i i d e i n to 
m i l l e d s l o t s i n the r e f l e c t o r . P u l l i n g up on the upper mani fo ld which 1s par t 
o f the tube support p l a te disengages the module from the r e f l e c t o r . Th is 
F i g . VI.2-1 D i s t r i b u t i o n o f INPORT tubes between support s t r u t s . 
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attachment scheme i s needed fo r ma in ta in ing the blanket modules and w i l l be 
d i scussed in a l a t e r s e c t i o n . 
V I . 7 . 2 INPORT Tube S t resses 
The s t resses in the SiC tubes can be d i v ided i n to two p a r t s , the l o n g i -
t ud ina l and the c i r c u m f e r e n t i a l s t r e s s e s . C i r cumfe ren t i a l s t resses are from 
the pressure of the coolant and vary l i n e a r l y from the top to the bottom as a 
func t i on of the supported head. The l o n g i t u d i n a l s t r esses cons i s t of two 
components, the pressure component and the dead weight (weight of the coo lan t ) 
component. The former component i s small at the top and bu i l ds up l i n e a r l y to 
the bottom whi le the l a t t e r component i s maximum at the top and f a l l s o f f 
1 i n e a r l y to zero at the bottom. 
A r e l i a b l e value fo r a l lowab le s t r ess i s not known fo r braided SiC tube 
c o n s t r u c t i o n . However, est imates can be made based on exper ience with o ther 
composite m a t e r i a l s . Var ious sources give SiC f i b e r s t rength of 2450-3720 MPa 
(355-540 k s i ) . Strength depends on f i b e r diameter and when bra ided i n to a 
t u b e , the f i b e r s t rength i s reduced s u b s t a n t i a l l y . Exper ience with g raph i te 
mate r ia l systems i n d i c a t e s that the s t rength fo r orthogonal layup could be 
~ 276 MPa (40 k s i ) cons ide r i ng each p r i n c i p a l s t r ess i n d i v i d u a l l y . Ceramic 
m a t e r i a l s t y p i c a l l y have a wide v a r i a t i o n in s t rength due to t h e i r extreme 
s e n s i t i v i t y to minute f l aws . Because of t h i s s e n s i t i v i t y a sa fe ty f a c t o r of 
two was taken and thus the maximum a l l owab le s t r ess i s 139 MPa (20 k s i ) . 
In t h i s design the wal l t h i ckness fo r the 10 cm diameter tubes i s 2.25 mm 
and in the 3 cm diameter tubes i t i s 0.9 mm. This means that there w i l l be 5 
p l i e s and 2 p l i e s in the 10 cm and 3 cm diameter tubes r e s p e c t i v e l y (the 
t h i ckness per p ly i s 0.45 mm). The f i b e r s in the orthogonal layup are o r i -
ented at 45° and cover 50% of the a v a i l a b l e sur face a r e a . The f i b e r s them-
se lves are made up of f i l aments wi th a dens i t y f a c t o r of 75%. 
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In c a l c u l a t i n g the s t r e s s e s , i t was assumed tha t the incoming coo lan t had 
an i n i t i a l presure o f 0.1 MPa (~ 15 p s i ) . At the bottom o f the tubes the 
added head produces a pressure o f 1.04 MPa (150 p s i ) . The masses supported by 
the tubes are 700 kg and 61.3 kg f o r the 10 cm and 3 cm diameter tubes , re -
s p e c t i v e l y . S t ress d i s t r i b u t i o n as a f u n c t i o n o f tube d i s tance from the top 
i s g iven in F i g . V I . 7 -3 and F i g . V I .7 -4 and numer ica l l y i n Table V I . 7 - 1 . The 
p r i n c i p a l c i r c u m f e r e n t i a l and l o n g i t u d i n a l s t r e s s e s are amp l i f i ed by a f a c t o r 
o f 1.4 because of the 45° o r i e n t a t i o n o f the f i b e r s i n the orthogonal l a yup . 
The t o t a l s t r e s s represents the sum o f a l l the s t r e s s components. I t can 
be seen that the maximum s t r e s s occurs at the bottom o f the tubes and i s 130 
MPa (18.9 k s i ) f o r the 10 cm tubes and 97 MPa (14 k s i ) f o r the 3 cm t u b e s . 
The t h i ckness o f the wa l l i n the f r on t (3 cm) tubes i s d i c t a t e d by thermal 
h y d r a u l i c c o n s i d e r a t i o n s . The 25% lower s t r e s s i n these tubes i s d e s i r a b l e 
because they w i l l be sub jected to impact l oad ing from t h e i r r e a c t i o n to the 
ta rge t i m p l o s i o n , as d i scussed in sec t i on V I . 2 . 
Tab le VI .7-1 
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Long i tud ina l 
(Dead Weight) 
Long i tud ina l 
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C i r cumfe ren t i a l 
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S t resses in INPORT (SiC) Tubes 
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F i g . V I . 2 - 3 S t resses i n 10 cm diameter INPORT tubes . 
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F i g . V I . 2 - 4 S t resses i n 3 cm diameter INPORT tubes . 
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V I . 7 . 3 Tube Support 
The tube support scheme has to be analyzed in two p a r t s : 
a) A n a l y s i s o f the upper support p la te 
b) A n a l y s i s o f the support s t r u t s 
F i g u r e V I . 7 - 5 shows a top view and a s i de view of a s i n g l e module support 
s t r u c t u r e . I t c o n s i s t s o f an upper p la te (the ho les have been omited f o r 
s i m p l i c i t y ) and s t r u t s which te rminate i n a tee s e c t i o n . These tee s e c t i o n s 
f i t i n t o s l o t s m i l l e d in the c a v i t y r e f l e c t o r . Thus, a module wi th i n t e g r a l 
tubes and bottom p la te can be taken out by s imply l i f t i n g on the assembly to 
disengage the tee sec t i ons from the r e f l e c t o r . The s t r u t s w i l l have c o o l i n g 
passages such tha t L i 1 7 P b 8 3 w i l l f low through them. A f t e r t r a v e r s i n g the 
s t r u t s , the coo lan t then f lows down the r e f l e c t o r s ide to the bottom p o o l . 
I t was decided to use four s t r u t s to support each module. The tube 
d i s t r i b u t i o n between two s t r u t s i s shown i n F i g . V .7-6(a) and the l oad ing on 
the p la te in F i g . V . 7 - 6 ( b ) . The upper support p la te was model led as a s t a -
t i s t i c a l l y indeterminate beam of va ry ing c ross sec t i ons and concent ra ted 
l o a d s . The s t r e s s i n the p l a te i s then : 
where K i s a s t r e s s concen t ra t i on f a c t o r taken as 2 , M(x) the l o c a l moment, 
i s one -ha l f of the pi ate t h i c k n e s s and I(x) the l o c a l moment o f i n e r t i a . 
Using a maximum des ign s t r e s s o f 70 MPa (10 k s i ) f o r HT-9, we c a l c u l a t e a 
pi ate t h i c kness o f 3 cm. 
S i m i l a r l y , the s t r u t s were analyzed as c a n t i l e v e r e d beams of va ry ing 
c ross s e c t i o n and a v a r i a b l e l oad ing as shown i n F i g . V I . 7 - 7 . The weight o 
the tubes i s reac ted by a moment on the tee s e c t i o n s and an upward f o r c e 
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TUBE SUPPORT STRUCTURE 
top view 
side view 
F i g . V I .2 -5 Top and s i de views o f upper support p l a t e . 
Fig V I . 2 -6 (a) Tube d i s t r i b u t i o n between support s t r u t s , 
(b) Loads on upper support p l a t e , 
g . V I .2 -7 Loading and reac t i ons on support s t r u t . 
VI .7 -12 2 , 4 
exer ted by the r e f l e c t o r . The s t r e s s equat ion reduces t o : 
. h 2 3wL 2 
e f f - °max. 
where t e f f i s the s t r u t e f f e c t i v e t h i c k n e s s , h the depth o f the s t r u t i n the 
back, w the load ing per un i t length and L = 180 cm. S u b s t i t u t i n g va lues we 
get 
t « h 2 « 14,700 cm 3 
e t t . 
and f o r h = 70 cm, the e f f e c t i v e t h i c kness of the s t r u t i s 3 cm. The maximum 
s t r e s s in the s t ru t i s at the po int o f attachment i n to the r e f l e c t o r . Table 
V I . 7 -2 summarizes the tube support parameters. 
Table V I . 7 - 2 
Summary of Tube Support Parameters 
Number o f 3 cm tubes/module 41 
Number o f 10 cm tubes/module 102 
Tota l mass/module (tonnes) 74 
Max. a l l owab le s t r e s s (MPa) 70 
Number of s t ru ts /modu le 4 
E f f e c t i v e s t r u t t h i ckness (cm) 3 
S t ru t depth i n back (cm) 70 
Upper support p la te t h i c kness (cm) 3 
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VII T r i t i u m 
V I I . 1 I n t roduc t i on and Overview 
HIBALL i s a heavy ion beam reac to r composed of 4 chambers which produce a 
t o t a l power o f 10,233 MWt and a net e l e c t r i c a l output o f 3768 MWe by f ocus ing 
h igh energy B i + 2 i ons on a c ryogen ic DT t a r g e t . The c a v i t y has a "weifced 
wal1" design i n which l i q u i d metal f lows down woven SiC INPORT tubes and 
"weeps" through the weaving, forming a l a y e r o f l i q u i d on the tube s u r f a c e . 
The l i q u i d metal chosen, L i 1 7 P b 8 3 , p ro tec ts the INPORT tubes from the t a rge t 
e x p l o s i o n and serves as the coo lan t and breeding m a t e r i a l . Th is s e c t i o n 
desc r i bes the t r i t i u m systems of HIBALL — the t r i t i u m pathways are summarized 
i n F i g . V I I .1 -1 and the i n v e n t o r i e s i n the va r ious r e a c t o r components are 
g iven in Table V I I . 1 - 1 . 
The r e a c t o r c a v i t i e s are fue led wi th m u l t i l a y e r t a rge t s con ta i n i ng 4 .0 mg 
DT, which are f i r e d at a r a te o f 5 s e c " 1 per c a v i t y . A one day fue l supply 
c o n s i s t s o f 2.8 kg D and 4.1 kg T. The f r a c t i o n o f f ue l burned i s 0 .29 , thus 
1.9 kg/d o f deuter ium and 2.9 kg/d o f t r i t i u m are handled by the exhaust 
system. In a d d i t i o n , 2.8 kg/d o f D 2 , used to propel the t a r g e t , and 1.5 kg/d 
o f t r i t i u m bred by the L i 1 7 P b 8 3 w i l l en ter the exhaust p rocess ing system. The 
d e t a i l s o f how the t a rge t s w i l l be manufactured are u n s p e c i f i e d , but recom-
mendations are made on m in im iz ing the t r i t i u m hand l ing i n t a rge t manufacture. 
The chamber exhaust i s pumped by compound cryopumps w i th o n - l i n e t imes of 
2 hours and a t r i t i u m inventory o f 0.37 kg. The pumps are regenerated so tha t 
hel ium i s re leased f i r s t , then the hydrogen i so topes are re leased and sent to 
the fue l c leanup u n i t . The purpose o f the fue l c leanup un i t ( T I N V = 0.041 kg) 
i s to remove i m p u r i t i e s from the hydrogen iso topes before sending them to the 
c ryogen ic d i s t i l l a t i o n u n i t . (The d i s t i l l a t i o n system c o n s i s t s o f 4 columns 
( T INV = ° ' 0 8 3 ) which separate the i so topes i n to an H stream which i s vented, a 
Hydrogen Isotope Pathways irt HIBALL 
- flow Rates in kg /d 
- A l l Four Reactor Cavities Included in Data 
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Table V I I .1 -1 HIBALL T r i t i um Inventory 
Fuel c y c l e ( kg ) : 
Cryopumps 0.37 
Fuel c leanup 0.041 
I so top ic sepa ra t i on 0.083 
Subtota l 0.494 
Blanket (kg ) : 
L l 1 7 P b 8 3 ( c a v i t y and r e f l e c t o r ) 0.013 
SiC tubes 0.012 
Subto ta l 0.025 
Target manufacture (kg) : 4 .1 4.1 
Storage (kg) : 
Targets 4.1 
Uranium beds 4 .1 
Subto ta l 8.2 
TOTAL INVENTORY (kg) 12.819 
TOTAL ACTIVE INVENTORY (kg) 0.519 
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pure D 2 stream f o r the ta rge t i n j e c t o r , and a pure DT stream f o r the t a rge t 
f a c t o r y and s to rage . 
In the b lanket system a low s o l u b i l i t y o f 7 x I O " 2 wppm T i n a l l o y / 
t o r r l / 2 r e s u i t s i n an inventory of 0.013 kg T i n the L i 1 7 P b 8 3 (1.9 x 1 0 7 
k g ) . T r i t i um i s bred at a ra te of 4.4 x I O - 6 kg /sec and ex t rac ted from the 
reac to r chamber by pumping at pressures l e s s than or equal t o the vapor 
pressure of t r i t i u m above the e u t e c t i c ( I O - 4 t o r r ) . The inventory in the 
s i l i c o n ca rb ide tubes (1.6 x 1 0 4 kg) at 500°C i s unknown, but has been 
approximated as 0.012 kg . Only very minimal amounts o f s i l a n e s and hydro-
carbons w i l l form as the l i q u i d metal p ro tec ts the s i l i c o n ca rb ide from 
i n t e r a c t i n g wi th hydrogen atoms. 
The 1 i qu i d metal i s c i r c u i a t e d i n to the heat exchange c y c l e . The t r i t i u m 
pressure above the e u t e c t i c i s 1 0 " 4 t o r r , which causes a t r i t i u m containment 
problem in the steam c y c l e . The permeation o f t r i t i u m through c lean HT-9 re -
s u l t s i n a l o s s of 33.3 g T 2 / d a y to the steam c y c l e . Oxide coa t ings or o ther 
t r i t i u m b a r r i e r s can be used to reduce the permeation by f a c t o r s o f 10 to 100. 
With a des ign goal to l i m i t t r i t i u m l o s s e s to 10 C i / d a y , the steam generator 
i s designed wi th double wa l led tubes purged wi th an oxygen atmosphere. Th is 
prov ides a very e f f e c t i v e b a r r i e r 1 im i t i ng l osses to l e s s than 1 C i / d a y . the 
t r i t i a t e d water from the sweep gas i s condensed and even tua l l y merged wi th the 
reac to r exhaust f o r r e p r o c e s s i n g . 
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V I I .2 Fuel Cyc le 
The HIBALL r e a c t o r i s an i n e r t i a l confinement f u s i o n (ICF) dev ice where 
the f u s i o n r e a c t i o n occurs by implos ion o f a c ryogen ic D-T ta rge t with 10 GeV 
B i + 2 ion beams. There are four r e a c t o r c a v i t i e s wi th 20 bismuth ion beam 
ports per c a v i t y . The ta rge t y i e l d i s 400 MJ at a gain o f 83 , wi th a repe-
t i t i o n ra te o f 5 s e c " 1 per c a v i t y and a t o t a l energy per f u s i o n event o f 17.6 
MeV. This r e s u l t s i n a t o t a l thermal power o f 10,232 MWt and a net e l e c t r i c a l 
output o f 3768 MWe. The energy product ion i n HIBALL i s about th ree t imes 
h igher than the energy produced from prev ious l a s e r d r i ven ICF reac to r de-
s igns J 1 ) The f r a c t i o n a l burnup ( f b ) o f the ta rge t i s g iven by f b = T b / ( T b + 
Tp) , where T b i s the amount of t r i t i u m burned per day and T p i s the unburned 
t r i t i u m fue l that must be pumped out o f the chamber per day. In the HIBALL 
reac to r the f r a c t i o n a l buritup i s 29% which i s comparable to o ther ICF r e a c t o r 
systems ( 2 0 - 4 0 % ) J 1 ) At t h i s po in t there has been no c o n s i d e r a t i o n o f the 
p o s s i b i l i t y o f m i s f i r i n g s . 
Each r e a c t i o n chamber i s equipped wi th a ta rge t i n j e c t i o n system and 
cryopumps. Exhaust from regenera t ion o f the cryopumps from the four chambers 
i s combined and sent i n to the fue l c leanup and p rocess ing system. The d a i l y 
D-T f u e l i n g and exhaust c h a r a c t e r i s t i c s o f HIBALL are g iven i n Table V I I . 2 - 1 . 
V I I . 2 . 1 F u e l i n g 
The HIBALL r e a c t o r i s f ue led by i n j e c t i o n o f a c ryogen ic DT t a r g e t . The 
ta rge t c o n s i s t s o f th ree s h e l l s : the equimolar DT f u e l , a L i - P b a b l a t o r 
( L i : P b mole r a t i o 1 8 . 1 : 1 ) , and a lead outer s h e l l as the high-Z component. 
The ta rge t composi t ion i s g iven in F i g . V I I . 2 - 1 . The t a r g e t s are i n j ec ted at 
a v e l o c i t y o f 200 m/sec w i th a t a rge t i n j e c t i o n gun ( s e c t i o n I I I .5 ) that a l so 
re l eases 1.6 mg of D ? p ropu ls ion gas i n t o the chamber per sho t . The ta rge t i s 
loaded i n to a p l a s t i c 2 -p i ece c a r r i e r c a l l e d a sabot . During i n j e c t i o n , 
VI I . 2 -2 
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Table V I I .2 -1 Da i l y Fue l i ng and Exhaust C h a r a c t e r i s t i c s * 
Deuter i urn T r i t i u m 
F r a c t i o n burned (%) 29 29 
Fuel i n j e c t e d (kg/d) 2 .8 4.1 
Fuel burned (kg/d) .80 1.2 
Fuel exhaust pumped (kg/d) 
(from D-T reac t i on ) 2 .0 2.9 
*For a l l four r e a c t o r c a v i t i e s 
the sabot i s shed i n t o a b u f f e r c a v i t y and does not enter the r e a c t o r . 
Deuter i um p ropu ls ion gas in the b u f f e r c a v i t y which does not reach the 
r e a c t i o n chamber (139.4 mg/shot) w i l l be recyc1ed p e r i o d i c a l l y w i th the 
hydrogen i s o t o p e s . 
The cho ice of 1 i th ium and lead f o r t a rge t m a t e r i a l s i s f avo rab le because 
they are compat ib le wi th the L i 1 7 P b 8 3 l i q u i d w a l l . Debr is from the t a rge t 
s h e l l s w i l l d i s s o l v e i n the 1 i qu i d w a l l . In Table V I I . 2 -2 the change in 
b lanket composi t ion wi th t ime i s shown. Si nee the r a t i o of L i : P b in the t a r -
get i s g rea te r than in the e u t e c t i c (17:83 atom%)» the r a t i o o f L i : P b in the 
b lanket s low ly i nc reases wi th t ime . There fo re , q u a n t i t i e s o f lead w i l l have 
to be added and p roper l y mixed to main ta in the e u t e c t i c compos i t i on . 
The ta rge t i n j e c t i o n ra te i s 5 s e c " 1 per c a v i t y , r e q u i r i n g 4.32 x 1 0 5 
t a r g e t s / d a y , cor respond ing to 4.1 kg T/day and 2.8 kg D/day. The d e t a i l s o f 
how the t a rge ts w i l l be manufactured have not been developed at t h i s t ime i n 
the reac to r s tudy . However, the e f f e c t s o f t a rge t manufacture on the t r i t i u m 
inventory are d i scussed in sec t i on V I I . 2 . 6 . 
— 222 — 
VI I . 2 -4 





+ P b + L i " L i + L i 
( ta rge t ) ( ta rge t ) L i ( n , a ) T ( t o t a l ) 
(kg) (kg) (kg) (KgL 
3.29 x I O " 4 2.65 x I O " 5 2.03 x I O "
6 2.45 x 10"' 
142 11.4 .877 10.5 
5.18 x 10 4 4.16 x 10 3 320 3.84 x 10
3 
Composit ion Changes 
O r i g i n a l 
b lanket 
1 year 
opera t ion % change 
Mass L i (kg) 3.26 x 1 0
4 3.64 x 1 0 4 11.8 
Mass Pb (kg) 4.74 x 1 0
6 4.79 x 10 6 1.09 
Rat io L i : P b 0.205 0.228 
Formula L i 1 7 P b 8 3 ( L i 1 8 . 9 P b 8 3 ) 
V I I . 2 . 2 Exhaust 
Each f u s i o n event w i l l cause a pressure r i s e in the chamber as L i - P b 
deb r i s i s ab la ted from the w a l l s and gases from the D-T r e a c t i o n and unburned 
fue l are r e l e a s e d . The major components present i n the exhaust are g iven in 
Table V I I . 2 - 3 . Between f u s i o n even ts , the chamber must be pumped to at l e a s t 
IO"" 4 t o r r , as h igher pressures w i l l cause i n t e r f e r e n c e and s c a t t e r i n g of the 
ion beams. The vapor ized l i q u i d metal w i l l recondense on the l i q u i d w a l l . 
Any L i - P b vapor or deb r i s t ha t en ters the vacuum or beam por ts i s assumed to 
condense on the c o l d duct su r faces and w i l l not contaminate the cryopumps. 
Table V I I . 2 - 3 Exhaust Gas Composit ion 
mg/shot k g / d ( a ) 
Deuter i um ta rge t (unburned) 1.1 1.9 
T r i t i u m ta rge t (unburned) 1 .7 2 . 9 
Helium (DT fus ion ) . 93 1 .6 
Helium (breeder) 1.2 2 .1 
T r i t i um (breeder) .87 1.5 
L i - P b v a p o r ^ ) 0 0 
D 2 t a rge t i n j e c t i o n 1.6 2 . 8 
TOTAL GASES 7 .4 12 .8 
TOTAL TRITIUM 2 .57 4 .4 
( a ) A l l four c a v i t i e s . 
( ^ L i t h i u m and lead vapor w i l l condense on co ld su r faces before reach ing 
cryopumps. 
The amount o f 1 i th ium and lead in the gas phase i n the chamber tha t r e s u l t s 
from the equ i l i b r i u rn vapor pressure o f l i t h i u m and lead above L i 1 7 P b 8 3 ( 2 » 3 ) i s 
g iven in Table V I I . 2 - 4 . The vapor pressure i s l e s s than the I O - 4 t o r r p ress -
ure 1 imi t at the opera t ing temperature. The bismuth from the ion beam, i s 
s i m i l a r to lead and w i l l d i s s o l v e complete ly i n the wetted wa l l and w i l l not 
be emit ted in the exhaust gas . The concen t ra t i on o f bismuth in the chamber 
w i th t ime i s g iven in Table V I I . 2 - 5 . A f t e r 20 years o f ope ra t i on the bismuth 
concen t ra t i on in the l i q u i d metal i s s t i l l l e s s than 1 wppm. 
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Table V I I . 2 -4 Vapor Pressure o f L i 1 7 P b « ^ at 500°C 
L i Pb 
A c t i v i t y 1-3 x I O " 4 0.81 
3 
Pressure (pure) 2 « 8 6 x 1 0 ~ 1 , 6 9 x 
Pressure (above e u t e c t i c ) 3.7 x 1 0 " 7 1.4 x 
Tab le VI 1.2-5 Bismuth Concent ra t ion i n L i 1 7 P b p - ^ 
Bi d i s s o l v e d wppm Bi i n 
Time (kg) L i 1 7 P b « ^ 
1 shot 1 x I O " 9 2.1 x I O " 1 
1 day 4.3 x I O " 4 9.0 x I O " 5 
1 year 1.6 x 1 0 " 1 0.033 
10 years 1.6 0.33 
20 years 3.2 0.66 
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V I I I . 2 . 3 Cryopumps 
The reac to r chambers are pumped wi th compound cryopumps, capable of pump-
ing both the hydrogen iso topes and hel ium at the high vo lumet r i c f l ow ra tes 
r e q u i r e d . The separa t ion of hydrogen i so topes from hel ium on the c r y o s o r p t i o n 
panels i s extremely s h a r p . ^ By c o n t r o l l e d h e a t i n g , the hel ium panel i s 
regenerated f i r s t , then the hydrogen i so topes are removed and sent to the fue l 
c leanup u n i t . The o n - l i n e t ime f o r the pumps i s two hours and the t r i t i u m i n -
ventory in the pumps i s 0.37 kg . 
V I I . 2 .4 Fuel Cleanup 
The exhaust from the cryopumps enters the fue l c leanup un i t where hydro-
gen iso topes are separated from hydrocarbons, water , ammonia or any o ther 
i m p u r i t i e s . The fue l c leanup un i t i s pat terned a f t e r the T r i t i u m Systems Test 
Assembly (TSTA) d e s i g n s . ( 5 ) Impur i t ies are f i r s t absorbed onto molecu la r 
s i e v e beds at 75°K wh i le hydrogen i so topes f low i n t o the d i s t i l l a t i o n u n i t . 
These impu r i t i e s are then recovered from the s ieves and c a t a l y t i c a l l y o x i d i z e d 
to form t r i t i a t e d water and t r i t i u m f ree compounds. The t r i t i a t e d water i s 
condensed and e l e c t r o l y z e d to recover the t r i t i u m . For a 500 mole T f l ow r a t e 
TSTA has es t imated an inventory i n the fue l c leanup un i t of 14 g . ( 6 ) In 
HIBALL the exhaust con ta ins 1467 moles T/day g i v i n g an inven to ry o f 41 g . 
V I I . 2 . 5 I so top i c Separa t ion Uni t 
Hydrogen i so topes from the fue l c leanup un i t en te r the erogen ic d i s t i l -
l a t i o n system i n the mole r a t i o 12 H:2350 D:1467 T. (A stream of the 
deuter ium from the ta rge t i n j e c t i o n gun that does not enter the c a v i t y w i l l 
a l so be p u r i f i e d . ) The goals of the sepa ra t i on system are to separate and 
vent hydrogen, to form a p u r i f i e d D-T stream f o r the ta rge t manufactur ing 
system and s t o r a g e , and to form a pure D 2 stream f o r the ta rge t i n j e c t i o n 
VI I . 2 -8 
system. The separa t ion scheme, pat terned from the l i t e r a t u r e ^ 6 ' 7 ) i s shown i n 
F i g . V I I . 2 - 2 . The inventory i n the separa t ion system i s est imated as 83.4 g. 
V I I . 2 . 6 T r i t i u m Cons idera t ions i n Target Manufacture 
The d e t a i l s o f the ta rge t manufactur ing system have not been addressed at 
t h i s t ime , thus the t r i t i u m inventory i n the ta rge t manufactur ing process and 
the inventory tha t must be kept i n s torage as t a r g e t s to i nsu re product ion i n 
case of a ma l func t i on are unknown. Th is inventory w i l l be dependent on: 
(1) the number o f t a rge ts produced per day ; 
(2) the t ime requ i red to make a day ' s quan t i t y of t a r g e t s ; 
(3) the process used - batch or con t i nuous ; and 
(4) the amount o f t r i t i u m tha t must en te r the r e c y c l i n g system due to r e -
j e c t i o n o f t a r g e t s tha t do not conform to s p e c i f i c a t i o n s . 
The f u s i o n t a r g e t s f o r HIBALL must be produced economica l ly at a r a te o f 
4.32 x 1 0 5 / d a y . Three p o s s i b l e pathways f o r ta rge t product ion are o u t l i n e d i n 
F i g . V I I . 2 - 3 . A f t e r se lec ted steps i n the manufactur ing p rocess , the product 
i s examined to i nsu re i t meets c e r t a i n s p e c i f i c a t i o n s , ( 8 ) and at t h i s po in t a 
number of t a r g e t s w i l l be r e j e c t e d . I f the r e j e c t e d t a rge t s con ta in D-T, the 
fue l must be recovered and rep rocessed . To minimize the t r i t i u m h a n d l i n g , the 
f i l l i n g o f the t a rge t s wi th DT fue l should come as l a t e in the manufactur ing 
process as p o s s i b l e or at l e a s t fo l1owing steps wi th l a rge r e j e c t i o n r a t e s . 
To min imize the t r i t i u m storage f o r the ta rge t manufactur ing system, the 
t ime requ i red to f i l l the t a rge ts wi th DT should be as shor t as p o s s i b l e . I f 
the DT fue l i s d i f f u s e d i n to a hol low s h e l l , the t a rge t s w i l l be produced in a 
batch process and the f i l l - t i m e w i l l be dependent on the permeation ra te of DT 
through the s h e l l at temperatures below the s h e l l me l t ing p o i n t . In SOLASE^ 9) 
two ta rge t des igns were examined. P l a s t i c t a r g e t s requ i red a 1 day f i l l - t i m e 
r e s u l t i n g in a one day fue l s to rage , wh i l e g l ass t a r g e t s requ i red a f i v e day 
V I I . 2 - 9 
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f u l l - t i m e and a f i v e day inventory i n s to rage . There fo re , Path I I I i n F i g . 
V I I . 2 - 3 i s probably unreasonable because i t would requ i re d i f f u s i o n o f DT 
through two 1ayers at f a i r l y low temperatures (mp. Pb = 327°C; mp. 
L i i 8 . 1 p b " 450°C), r e s u l t i n g in a 1 arge s torage i nven to ry . 
While m i c r o d r i l l i n g o f 1aser t a rge t s and par ts has been s u c c e s s f u l l y 
t r i e d , t h e f i l l i n g and s e a l i n g process has not been demonstrated. A l -
though the d r i l l - a n d - f i l 1 process i s con t inuous , r e q u i r i n g l e s s t r i t i u m 
storage than batch p rocesses , the high symmetry requirements o f the t a r g e t 
would probably r e s u l t i n a high r e j e c t i o n ra te of improper ly sea led s h e l l s and 
a s i g n i f i c a n t amount o f t r i t i u m r e c y c l e and recove ry . There fo re , u n t i l t h i s 
op t i on i s proven to be p r a c t i c a l , t a rge t p roduct ion by d i f f u s i o n methods seems 
more reasonab le . 
In Path I the f i r s t s tep i s the p repara t ion and a n a l y s i s o f the a b l a t i o n 
s h e l l . Hoi low g lass and hydrogen s h e l l s have been prepared by i n t roduc ing a 
stream of gas bubbles i n t o a con t ro l l ed j e t producing uni form s p h e r e s . ( * * ) 
The DT i s then d i f f u s e d i n to the shel 1. The pe rmeab i l i t y o f DT through t h i s 
1 ayer of L i - P b i s unknown, so the t ime to f i l l t h i s s h e l l and the requ i red DT 
storage are unknown. The L i - P b s h e l l i s then coated wi th l e a d . There are 
four major processes tha t have been developed f o r producing metal 1 i c coa t ings 
onto m i c r o s p h e r e s ^ 2 ) : magnetic s p u t t e r i n g , e l e c t r o p l a t i n g , e l e c t r o l e s s 
p l a t i n g , and chemical vapor p y r o l y s i s . At present the s p u t t e r i n g technique 
seems to have the most general a p p l i c a b i l i t y . A f t e r the coa t ings are appl i ed 
i n i t i a l c o o l i n g of the t a rge t f reezes the DT non-un i fo rm ly . By v a p o r i z i n g the 
inner coa t ing o f fue l w i th a l a s e r or heat pulse and q u i c k l y r e f r e e z i n g the 
DT, a uniform l aye r can be produced.(13,14) 
Hendricks et a l . proposed a process in which c ryogen ic spheres are t r a n s -
por ted past spu t t e r i ng guns which apply consecu t i ve 1ayers onto the sphere. 
(8) 
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A c o l d hel ium gas j e t ( 1 5 ) can be used to keep the t a rge t s f rozen and l e v i t a t e 
the t a r g e t s as they pass the spu t t e r i ng guns and q u a l i t y con t ro l appara tus . 
This process i s o u t l i n e d in Path I I . Th is method has the d isadvantage of 
hand l ing t r i t i u m throughout the p rocess ; however, the re i s no batch d i f f u s i o n 
step r e q u i r i n g a l a rge storage i nven to r y . While the t r i t i u m rep rocess ing o f 
imper fec t D-T spheres would be m in ima l , the p rocess ing a f t e r the coa t ings are 
app l i ed would requ i re more s o p h i s t i c a t i o n . From a comparat ive s t a n d p o i n t , 
Path II i s probably the supe r i o r method from t r i t i u m c o n s i d e r a t i o n s , assuming 
the coa t ings can be app l i ed to high standards r e q u i r i n g minimal t r i t i u m r e -
c y c l i n g . 
U n t i l the d e t a i l s of the t a rge t manufactur ing system are known i t w i l l be 
assumed tha t one day ' s f u e l i n g supply (4.1 kg) w i l l be s to red as c ryogen ic 
t a r g e t s and another day ' s supply w i l l be t i e d up i n the ta rge t manufactur ing 
system. 
V I I . 2 . 7 Storage 
The s torage requirements f o r HIBALL i nc lude a one day supply of t a r g e t s 
to fue l the r e a c t o r (4.1 kg T) and a one day supply kept on uranium beds to 
feed in to the ta rge t manufactur ing system. (Th is s torage inventory w i l l 
depend on the ta rge t manufactur ing process as d i scussed i n the preceding 
s e c t i o n . ) The s torage inventory o f 8.2 kg T, represen ts a l a r g e f r a c t i o n o f 
the t o t a l i nven to ry . 
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VI 1.3 Blanket System 
The breeding mate r ia l i s the l i q u i d l i t h i u m - l e a d e u t e c t i c , L i 1 7 P b 8 3 ( .68 
L i : 9 9 . 3 2 Pb wt%). This mate r ia l f lows through woven SiC f i x t u r e s at the top 
and woven SiC tubes at the s i des o f the reac to r p rov id i ng a p r o t e c t i v e coa t ing 
on the SiC sur faces and forming a pool at the bottom of the r e a c t o r . The 
c a v i t y r e f l e c t o r a l so con ta ins L i 1 7 P b 8 3 . The l i q u i d a l l o y serves as the heat 
exchange mater ia l and i s c i r c u l a t e d through the steam c y c l e . The p r o p e r t i e s 
o f the b lanket system and the t r i t i u m e x t r a c t i o n scheme are d iscussed i n t h i s 
s e c t i o n . 
V I I . 3 . 1 S o l u b i l i t y o f T r i t i u m in L i 1 7 P b p ^ 
In order to determine the t r i t i u m inventory i n the breeding mate r ia l and 
the method of e x t r a c t i o n , the s o l u b i l i t y o f t r i t i u m in L i 1 7 P b 8 3 at the r e a c t o r 
temperatures (300-500°C) must be known. Ih le et a l J 1 ) has determined the 
deuter ium s o l u b i l i t y i n L i - P b a l l o y s at 677 and 767°C, much h igher tempera-
t u res than the reac to r c o n d i t i o n s . In NUWMAK,(2) L i 6 2 P b 3 8 was used as the 
breeding m a t e r i a l , and a model was proposed f o r determin ing the s o l u b i l i t y o f 
(3) 
hydrogen i so topes i n l i t h i u m - l e a d a l1oys versus temperature. Th is modelv 
assumes that the Si e v e r t ' s constant f o r the s o l u b i l i t y o f t r i t i u m in the 
l i t h i u m - l e a d a l l o y ( K s ( a l 1 o y ) ) i s r e l a t e d to the Si e v e r t ' s constant f o r 
t r i t i u m in pure l i t h i u m ( K S ( L i ) ) by the e x p r e s s i o n : 
K S ( a l l o y ) = K S ( L i ) * \ i ( a l l o y ) * \ l ( a l l o y ) = ^ ( L i ) \ i ( a l l o y ) 
where: a L 1 ( a l l o y ) = a c t i v i t y o f l i t h i u m in l i t h i u m - l e a d 
^ L i ( a l l o y ) = a c t i v i t y c o e f f i c i e n t f o r l i t h i u m in l i t h i u m - l e a d 
N L i ( a l l o y ) = m o l e f r a c t i o n o f l i t h i u m i n t n e a l l o y . 
The Si e v e r t ' s constant f o r hydrogen i so topes i n pure l i t h i u m ^ - 8 ) ( F i g . 
VI I . 3 -2 - 2 3 3 -
VI I .3 -1 ) and the a c t i v i t y o f l i t h i u m i n 1 i t h i u m - l e a d ^ » 9 " 1 1 ) ( F i g . V I I . 3 - 2 ) 
are well-known q u a n t i t i e s . 
The major assumptions i n t h i s model a r e : 
(1) The manner i n which t r i t i u m d i s s o l v e s i n the a l l o y i s by a s s o c i a t i o n wi th 
the l i t h i u m o n l y . Any l e a d - t r i t i u m i n t e r a c t i o n i s assumed to be n e g l i -
g i b l e . Th is behav ior i s expected from p e r i o d i c t rends l i t h i u m i s 
capable of forming hydr ide bonds wh i le lead-hydrogen i n t e r a c t i o n s are 
weak. A comparison o f the hydrogen s o l u b i l i t y i n 1 i th ium and lead to 
that i n o ther m e t a l s , ( 4 ' 5 ' 1 4 " 1 6 ) ( F i g . VI 1.3-3) shows tha t l i t h i u m has 
one of the h ighest hydrogen s o l u b i l i t i e s o f any known metal wh i le lead 
has one of the 1owest hydrogen s o l u b i l i t i e s . 
(2) The manner i n which lead enters i n to the l e a d - 1 i t h i u m - t r i t i u m e q u i l i b r i u m 
i s to chem ica l l y bond the 1 i th ium making i t l e s s a v a i l a b l e to i n t e r a c t 
w i th the t r i t i u m . The degree to which the l i t h i u m i s a v a i l a b l e f o r 
bonding i s r e l a t e d to the a c t i v i t y c o e f f i c i e n t f o r l i t h i u m i n l i t h i u m 
l e a d . 
(3) The l i t h i u m a c t i v i t y i s una f fec ted by ppm q u a n t i t i e s o f t r i t i u m . 
A p lo t o f the t h e o r e t i c a l s o l u b i l i t y constant f o r deuter ium i n l i t h i u m -
lead a l l o y s i s shown i n F i g . V I I . 3 - 4 . Th is f i g u r e a l so con ta ins the e x p e r i -
mental s o l u b i l i t y data of Ih le et a l . M and the data f o r deuter ium s o l u b i l i t y 
i n pure l i t h i u m ^ 4 , 7 , 8 ) and hydrogen s o l u b i l i t y i n pure l e a d ( 1 3 » 1 7 ) . (Note i n 
F i g . V I I . 3 -4 the data i s p lo t t ed such tha t the Si e v e r t ' s constant i s d i r e c t l y 
p ropo r t i ona l to the s o l u b i l i t y , r a the r than i n v e r s e l y as i n I h l e ' s paper. 
A l s o , there i s no attempt to p io t the t h e o r e t i c a l s o l u b i l i t y i n reg ions where 
s o l i d phases occu r . ) I f the assumptions i n the t h e o r e t i c a l model are reason-
able two important conc lus ions can be drawn: 
V I I . 3-3 
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SOLUBILITY OF DEUTERIUM IN LIQUID L i - P b 
ALLOYS 
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(1) The t h e o r e t i c a l model p r e d i c t s on ly a s l i g h t temperature dependence. 
Th is behav ior i s expected from examinat ion of F i g . V I I . 3 - 3 which shows 
that l i t h i u m d i s s o l v e s hydrogen exo the rm ica l l y wh i le metals w i th low 
hydrogen s o l u b i l i t i e s (such as lead) gene ra l l y d i s s o l v e hydrogen endo-
t h e r m i c a l l y . This probably leaves L i - P b a l l o y s in an in te rmed ia te c a t e -
gory showing l i t t l e temperature dependence. The temperature dependence 
observed i n the work by Ih le et a l . i s g rea te r than has been observed f o r 
any other metal o r a l l o y system and does not agree wi th the model pre-
d i c t i o n s . 
(2) The t h e o r e t i c a l model p r e d i c t s lower s o l u b i l i t i e s than those determined 
by Ih le et a l . 
P r e l i m i n a r y exper iments conducted by E. V e l e c k i s * 1 8 ) a t Argonne Nat iona l 
Laboratory i n d i c a t e deuter ium s o l u b i l i t i e s tha t are f a i r l y temperature inde-
pendent and lower than both the data found by Ih le et a l . and the model pre-
d i c t i o n s . The Si e v e r t ' s constant used in t h i s des ign f o r t r i t i u m s o l u b i l i t y 
i n u 1 7 P b 8 3 a t 500°C (based on p re l im ina ry Argonne r e s u l t s ) i s 4 appm 
H / t o r r l / 2 o r 7 x 1 0 - 2 Wppm T / t o r r 1 / 2 which at I O " 4 t o r r g i ves a t r i t i u m 
concen t ra t i on of 7 x I O " 4 wppm in L i 1 7 P b 8 3 . The mass of L i 1 7 P b 8 3 i n the four 
chambers and the r e f l e c t o r s i s 1.91 x 1 0 7 kg , r e s u l t i n g i n a low t r i t i u m 
inventory o f 0.013 kg . 
V I I . 3 . 2 T r i t i u m Breeding and Recovery 
The breeding r a t i o of L i 1 7 P b 8 3 i s 1.25 r e s u l t i n g i n a breeding ra te o f 
4 .4 x I O " 6 kg T /sec i n each chamber. The L i 1 7 P b 8 3 a l l o y (4.8 x 1 0 6 kg / 
chamber) serves both as breeder and coo lan t and i s c i r c u l a t e d through the 
power c y c l e at a r a te o f 3.38 x 1 0 8 k g / h r . Assuming the t r i t i u m s o l u b i l i t y i s 
7 x I O " 4 wppm, the f low ra te o f t r i t i u m i n one r e a c t o r chamber i s 6.6 x 10" 
kg T / s e c . 
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In order to recover t r i t i u m at the breeding r a t e , 6.7% o f the t r i t i u m 
must be ex t rac ted dur ing each pass o f L i i 7Pbg3 through a chamber. The 
pressure o f t r i t i u m above L i 1 7 P b 8 3 i s I O " 4 t o r r ; t h e r e f o r e , the pressure tha t 
must be mainta ined in the reac to r to a l l ow the t r i t i u m to be re leased from the 
l i q u i d metal i s l e s s than or equal to 1 0 " 4 t o r r . ( 1 9 ) The quan t i t y o f t r i t i u m 
tha t must be ex t rac ted i s 7.4 x 1 0 " 4 mole T 2 / s e c . Th is i s a vo lumet r i c f low 
ra te of 3.7 x 1 0 5 A/sec at 700°K and 1 0 " 4 t o r r . The high pumping ra te neces-
sary to remove the exhaust between sho t s , (~ 4 x 10 6 a/sec at 1 0 " 4 t o r r and 
700°K) i s s u f f i c i e n t to remove the t r i t i u m at the breeding ra te and a separate 
e x t r a c t i o n un i t w i l l not be needed. The breeder and coo lan t c h a r a c t e r i s t i c s 
are summarized in Table V I I . 3 - 1 . Although the d i f f u s i o n of t r i t i u m i n 
L i 1 7 P b 8 3 i s unknown, the high sur face area o f the f1owi ng l i q u i d metal i n the 
chamber should a l l ow easy r e l e a s e of t r i t i u m from the e u t e c t i c i n to the 
chamber. 
Table V I I .3 -1 Breeder and Coolant C h a r a c t e r i s t i c s 
Blanket temperature (°C) 
I n l e t 330 
Out let 500 
T r i t i u m concen t ra t i on (wppm) 7 x 1 0 " 4 
Inventory (kg) 
T r i t i u m .013 
L i 1 7 P b 8 3 1.9 x 1 0 7 
T r i t i u m Breeding 
Ra t io 1.25 
Rate (kg /sec) 4.4 x I O " 6 
Flow Rate (kg/sec) 
T r i t i u m 6.6 x I O " 5 
L i 1 7 P b 8 3 9.4 x 1 0 4 
VI 1.3.3 S i l i c o n Carbide I n te rac t i ons wi th Hydrogen Isotopes 
The s i l i c o n ca rb ide tubes are surrounded wi th the a l l o y c o n t a i n i n g 
7 x 10~ 4 wppm t r i t i u m at 10~ 4 t o r r and 500°C, r e s u l t i n g i n some of the t r i t i u m 
d i s s o l v i n g i n t o the s i l i c o n ca rb ide reach ing an e q u i l i b r i u m c o n c e n t r a t i o n . 
Experiments on deuter ium s o l u b i l i t y i n SiC at 1000 to 1400°c( 2 1) are shown i n 
F i g . VI 1 .3-5 . The s o l u b i l i t y i s very temperature dependent; decreas ing as the 
temperature i n c r e a s e s . Th is dependence i s thought t o be due to chemical bond 
formaton between hydrogen atoms and the l a t t i c e atoms. The presence of S i - H 
and C-H bonds have been o b s e r v e d . ( 2 2 ) The pressure dependence on the s o l u -
b i l i t y was determined to be to the 0.61 power, i n d i c a t i n g tha t the hydrogen 
d i s s o l v e s monatomica l ly . It a l so can be observed tha t the temperature depend-
ence d i f f e r s s u b s t a n t i a l l y f o r vapor depos i ted ß-SiC and powdered a - S i C . 
Due to the l a rge exo the rm ic i t y of the d i s s o l v i n g p rocess , e x t r a p o l a t i o n s 
to lower temperatures r e s u l t i n l a rge t r i t i u m i n v e n t o r i e s . At 500°C and I O " 4 
t o r r , the data f o r ß-SiC ex t r apo la tes to 0.017 atoms D/atom Si or ~ 800 wppm. 
This seems qu i t e u n l i k e l y . The l a s t data po int measured f o r ß-SiC was at 
1000°C, r e s u l t i n g i n 0.05 wppm f o r 10~ 4 t o r r . It i s imposs ib le to p red i c t 
where the s o l u b i l i t y curve w i l l begin to l e v e l o f f . It i s a l s o imposs ib le t o 
p red i c t i f the woven e-SiC w i l l behave s i m i l a r l y to vapor depos i ted ß-SiC. I f 
i t i s assumed tha t the data can on ly be ex t rapo la ted f o r a few hundred degrees 
( to 800°C) before l e v e l i n g o f f , f o r ß-SiC a s o l u b i l i t y o f 0.76 wppm at 1 0 " 4 
t o r r i s ob ta i ned . This r e s u l t s i n an inven to ry of 0.012 kg T i n 1.6 x 1 0 4 kg 
S i C . 
S i l i c o n ca rb ide can reac t w i th hydrogen to produce hydrocarbons and 
s i l a n e s . The thermodynamics( 2 0 ) f o r the i n t e r a c t i o n s of hydrogen atoms and 
hydrogen molecules w i th SiC are g iven i n Table V I I . 3 - 2 . Hydrogen molecule 
reac t i ons are un favo rab le , wh i le hydrogen atom r e a c t i o n s have negat ive f r e e 
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energies. The SiC tubes are coated with a protecting layer of l i qu id metal 
which should absorb the hydrogen atom debr is . Therefore, production of 
hydrocarbons and s i lanes should be minimal. 
a-SiC(s) + 4H(g) + Si(s) + CH4(g) 
a-SiC(s) + 1 H(g) * Si(s) + 1/2 C 2H 2(g) 
a-SiC(s) + 4 H(g) + SiH 4(g) + C(s) 
Table VII.3-2 Thermodynamics for Hydrogen-Sil icon Carbide Interactions 
Free Energy (kcal/mole) 
H 2 Interactions 
a-SiC(s) + 2 H 2(g) + Si (s) + CH4(g) 
a-SiC(s) + 1/2 H 2(g) + Si(s) + 1/2 C 2H 2(g) 
a-SiC(s) + 2 H 2(g) + SiH 4(g) + C(s) 
H Interactions 
600°K 700°K 800°K 
10.45 12.70 15.03 
38.85 37.98 37.13 
35.41 37.51 39.65 
-168.9 -161.5 -153.9 
- 6.00 - 5.58 - 5.11 
-144.0 -136.7 -129.3 
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VI 1.4 Tri t ium Containment Systems 
The act ive t r i t i um inventory in the HIBALL reactor i s 0.52 kg or 5.0 x 
10 6 C i , with an addit ional inventory of 12.3 kg or 1.2 x 10 8 Ci in storage and 
target manufacture. Trit ium is being processed at a rate of 4.4 x 10 7 Ci/day 
(2.9 x 10 7 Ci from the exhaust and 1.5 x 10 7 Ci from the breeder). The losses 
of t r i t ium to the environment must be l imi ted to ~ 10 Ci /day. Using contain-
ment schemes s imi la r to those found in the TSTA^) design and in a previous 
reactor des ign, ( 2 ) 1osses are expected to be less than 10 Ci /day. 
VII.4.1 Permeabil i ty of Tri t ium into Steam Cycle* 
The primary containment problem which i s the most d i f f i c u l t to control i s 
the permeation of t r i t ium from the L i i jPbgz breeder/coolant through the wal ls 
of the steam generator. Once in the steam cycle the t r i t i um i s generally con-
sidered lost to the environment because the t r i t i um exchanges with protium 
forming HTO. Separation of HTO from the buik of the steam i s techn ica l l y 
d i f f i c u l t and expensive.( 3 ) 
The steam generator composition i s HT-9. Permeation data for HT-9 and 
chromium f e r r i t i c s teels has been reviewed in WITAMIR.(2) By assuming that , 
Permeabil i ty = So lub i l i t y x D i f f u s i v i t y , and comparing the avai lab le data, the 
"best f i t " 1ine in the WITAMIR study resulted in a t r i t i um permeation through 
clean HT-9 of: 
• 1.8 x 10 3 O Y n r 11100, m o l e T 2 ' m 
y = exp { Ry- J / 3 ' vr-'TTTTZPz ' 
For HIBALL: 
Tube thickness = 1 mm Pressure above coolant = IO" 4 t o r r 
*Based on WITAMIR^2) steam cyc le . The steam generator system has not been 
designed in HIBALL-I. 
Area = 5.2 x 10 4 m2 Temperature range = 315-490°C 
In order to ca lcu late the to ta l loss to the steam cyc le , the area of the 
tubing i s assumed to have a l inear re la t ionship with temperature, and the 
permeation, in units of g T 2 . d " 1 • rr f 2 , is plotted against area (m2) as seen 
in F i g . V I I .4 -1 . The area under the curve represents the to ta l loss of t r i t i -
um through clean HT-9; th is i s a permeation rate of 33 g T 2 /day. Losses of 
th is magnitude are unacceptable and must be minimized. 
One factor that w i l l reduce the permeabil i ty is the fact that the l i q u i d 
metal side of the steam tubing w i l l have clean surfaces, while the steam side 
w i l l form an oxide layer . In s i tu formed oxide coatings are e f fec t ive in 
reducing t r i t i um permeabi l i ty( 4 ) as shown in Table VI 1.4-1. For f e r r i t i c 
s teels at 660°C, permeabi l i t ies are reduced by factors of 100 or more due to 
the oxide coat ing. At lower temepratures (315-490°C) the a b i l i t y to maintain 
an e f fec t i ve oxide coating decreases.( 6 ) For HIBALL the permeability through 
HT-9 i s assumed to be decreased by about a factor of 10 due to the oxide layer 
on the steam generator side of the tubing. 
Another method of achieving lower losses of t r i t i um to the steam cycle 
include formation of a permeation res is tant nickel-alumide layer^ 6 ) on the 
l i qu id metal side of the tubing. This i s accomplished by addit ion of aluminum 
to the l iquid-metal coolant, which forms an aluminum layer on nickel a l loy 
surfaces, reducing the permeation by a factor greater than 100 for 304 SS at 
550°C. The HT-9 a l l oy , however, i s low in nickel and thus would not be 
adaptable to th is scheme. Using a d i f ferent material in the steam cycle from 
the reactor material may cause enhanced corrosion through mass t ransfer mecha-
ni sms. 
Work has been done on the development of mul t i l ayered metal composites 
and impurity coated refractory metals as t r i t i um ba r r i e r s . ( 7) Reductions of a 
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factor of 50 have been demonstrated for s ta in less steel structures containing 
an intermediate layer of Cu-Al-Fe a l loy at 600°C. Meta l l i c coatings with low 
hydrgen permeabil i ty coe f f i c ien ts would also present a bar r ie r to the t r i t i u m . 
At present, the HIBALL design w i l l u t i l i z e an oxide coating bar r ie r , however, 
future designs w i l l t ry to employ more e f fec t i ve t r i turn ba r r i e r s . 
Table VII.4-1 Permeation Barr ier Factors of F e r r i t i c and Austeni t ic 
Steels Produced by Steam Oxidation of the Downstream Side 
F e r r i t i c F e r r i t i c Austeni t ic 
Fe-2-1/4 Cr-1 Mo SS 406 SS 316 
Reference 5 4 4 
Temperature (°C) 472 660 660 
Steam Pressure (atm) 2 0.94 0.94 
Factors by Which Permeabi l i t ies 
are Reduced 





25 72 1.6 
100 144 2.8 
170 291 3.8 
434 4.3 
VI 1.4.2 Containment in Steam Cycle 
Assuming a factor of 10 reduction in permeation due to the oxide coating 
resul ts in 3.3 g T 2 /day los t to the steam cyc le . In order to further reduce 
th is quant i ty, the tubes in the steam generator w i l l have a double-walled 
VII.4-5 -249-
construct ion, with a purge gas containing a low par t ia l pressure of 0 2 sweep-
ing the tubing gap. Although double-walled tubing i s expensive and d i f f i c u l t 
to produce,( 3) th is concept provides an e f fec t i ve t r i t i um containment scheme. 
The oxygen in the purge gas helps to maintain a good oxide layer and i t also 
converts t r i t ium to HTO by combining i t with the hydrogen that d i f fuses 
through the steamside. This s ign i f i can t l y reduces the free t r i t ium par t ia l 
pressure, and thus reduces the d i f fus ion dr iv ing force to the steam s ide . 
If the oxygen par t ia l pressure in the purge gas i s assumed to be 1 t o r r 
and the maximum HTO pressure al1 owed in the gap i s 0.1 t o r r , then the volu-
metric flow rate of the purge gas i s 5.3 Ä/sec. The HT pressure in the gap i s 
about I O " 1 6 t o r r , resu l t ing in ~ 10 " 2 Ci/day loss to the steam generator. The 
parameters for the steam cycle are given in Table VII .4-2. 
The HTO that i s formed in the purge flow i s condensed and sent to a fuel 
cleanup unit where t r i t i a t e d water i s e lectro lyzed and hydrogen isotopes are 
then sent to the cryogenic d i s t i l l a t i o n system for separat ion. 
Secondary and te r t i a r y containment schemes have not been addressed in de-
t a i l at th is time for HIBALL. However, the designs for containment in the 
TSTA f ac i l i t y wil1 be tested in the near future, providing essent ial in for-
mation to the fusion community on the aspects of t r i t i urn handling and contai n-
ment. 
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Table VI 1.4-2 Parameters in Steam System 
Trit ium d i f fus ion to LiPb side 
Steam generator surface area 
T r i t i urn d i f fus ion rate 
0 2 pressure in purge gas 
Maximum HTO pressure 
Temperature range 
Required purge gas flow rate 
HT par t ia l pressure in gap 
Total t r i t i um loss to water 
3.3 g/day 
5.2 x 10 4 m2 
1.5 x I O 1 0 atoms T/cm 2 sec 
1 to r r 
0.1 to r r 
315-490°C 
5.3 i/sec 
1 x 1 0 " 1 6 t o r r 
0.02 C i /d 
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VIII Materials 
V I I I . l Introduction 
The materials problems in HIBALL can be categorized according to 
piacement in the reactor and material type as shown in out l ine form. 
1. Inside Reactor Cavity 2. Ref lector Region 
a- SiC a. HT-9 Structure 
b. HT-9 Structure 
3. Reactor Vessel Shield 4. Final Focussing Magnets 
a. HT-9 Structure a. NbTi Superconductor 
b. Pb b. Cu S t a b i l i z e r 
c. Boron Carbide c. E lec t r i ca l Insulation 
By far the most severe problems occur in the SiC INPORT units and the HT-9 
structure of the re f lec to r region and we w i l l concentrate on these areas here. 
The analysis of each of these materials w i l l be made in the fol lowing 
sequence: 
1. Environment 
a . Thermal, Chemical, Stress 
b. Radiation 
2* Comparison With Ex is t ing Data and Predict ion of Expected L i fe in HIBALL 
Obviously, a great deal of extrapolat ion w i l l be necessary to arr ive at 
meaningful 1ifetime predic t ions. The readers should recognize that we are 
breaking new ground in th i s area and the resul ts should be viewed accordingly. 
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VIII.2 Materials Problems Inside Reactor Cavity 
VIII .2.1 S i l i con Carbide INPORT Units 
VII I .2.1.1 Environment 
VI I I .2.1.1.1 General 
The SiC woven structures are expected to operate in intimate contact with 
the P b 8 3 L i 1 7 coolant over a temperature range of 300-500°C. There i s a poss i -
b i l i t y of some erosion due to the high (5 m/s) ve loc i ty of the coolant in the 
inner tubes. However, due to a r e l a t i ve l y short l i fe t ime (to be demonstrated 
la ter ) of 1 to 2 years , and a capacity factor of ~ 70%, the to ta l exposure 
time at temperature w i l l be 6000 to 12,000 hours. 
The stresses in the SiC tubes come from drag exerted by the flowing PbLi 
and amount to maximum s ta t i c stresses of 130 MPa in the inner (smaller) tubes 
and 97 MPa in the outer ( larger) tubes. The pulsed loads due to neutron heat-
ing amount to less than 1 MPa. F i n a l l y , the maximum pulsed stresses due to 
ablat ion of the front surface amount to 60 MPa-seconds at a 5 Hz ra te . 
VI I I .2 .1.1.2 Radiation Environment 
It i s assumed that a l l surfaces on the INPORT units facing the plasma are 
en t i re ly covered by a l i qu i d P b 8 3 L i 1 7 f i lm which i s at least 1 mm th i ck . The 
consequences of "dry" spots w i l l be examined l a t e r . The SiC i s mainly sub-
jected to neutron damage because the target debris and most of the X-rays w i l l 
be absorbed in the l i qu i d f i l m . 
The neutron spectrum at the inner r ing of tubes i s shown in F i g . VI11.2-1 
and the var ia t ion in displacement damage rate in the SiC i s given in F i g . 
VI I I .2-2. Figure VIII .2-3 gives the transmutation rate into gaseous elements 
throughout the P b 8 3 L i 1 7 - S i C zone. The peak dpa rate in the SiC tubes i s 118 
per FPY and i t drops to 10 dpa per FPY in the back (17th) row of INPORT un i t s . 
S im i l a r l y , the peak helium and hydrogen production rate i s 3705 and 1408 appm 
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DISPLACEMENT DAMAGE IN SiC 
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Figure VII I .2-3 
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per FPY respect ively and th is drops to 4 appm and 1.7 appm per FPY respec-
t i v e l y in the back row of tubes. 
If the tubes become uncovered, for any reason, the SiC would be exposed 
to high in tens i ty X-ray and par t i c le debris f luxes . The X-ray f lux (see 
Chapter III) resul ts in a 27.9 J/cm 2 exposure to the SiC spread over 10 ns. 
The target debris (see Chapter II I) w i l l impact on the unexposed surface with 
an addit ional 6.6 J/cm 2 f lux spread over 10 microseconds. 
VI I I .2.1.2 Previous Experience with SiC in Environment Typical of HIBALL 
VII1.2.1.2.1 Mechanical Propert ies 
As shown in section VI .2, the strength of SiC i s en t i re ly adequate in the 
300-500°C range. However, essen t ia l l y nothing i s known about the e f fec t of 
long term exposure to Pb or Li with respect to the tens i l e propert ies. 
VI I I .2 .1.2.2 Chemical Compatibi l i ty of SiC with Pb^U^? 
An extensive l i t e ra tu re search revealed only one experimental reference 
to the compat ib i l i ty of SiC with L i . W.H. Cook^ 1) determined that a f ter 100 
hours at 816°C, the corrosion resistance of SiC to Li was "bad". This p a r t i -
cu lar rat ing was given to a material which suffered any one of the fol lowing 
physical changes: 
1) a depth of attack of more than 0.076 mm, 
2) more than a 6% weight change, or 
3) more than a 3% dimensional change. 
Obviously the test ing condit ions are far more severe than HIBALL condi t ions, 
but there i s no reasonable way to extrapolate th i s experimental point to the 
300-500°C operating regime at th i s t ime; therefore, continued experimental 
research into th i s topic i s strongly recommended for the HIBALL condi t ions. 
In view of the lack of pertinent experimental data, we chose to i nves t i -
gate the thermodynamics of Li in teract ion with SiC. Thermodynamic data^ 2 ) on 
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the formation of L i 2 C 2 ( s ) as a corrosion product i s given in Table V I I I .2 -1 . 
Formation of 1ithium carbide from l i thium interact ions with s i l i c o n carbide i s 
not favorable, however, there i s no thermodynamic data on formation of known 
or other s i l i c i d e s or higher carbides which may be responsible for the incom-
p a t i b i l i t y at higher (~ 1100°K) temperatures. Extrapolat ing the information 
fo r pure l i th ium and lead to the a l loy system is d i f f i c u l t and more exper i -
mental work must be done. If i t i s assumed that the corrosive act ion occurs 
only from l i th ium, then because of the low percentage of 1ithium in the a l loy 
(0.68 wt%) and the low a c t i v i t y of l i th ium in L i 1 7 P b 8 3 (~ IO" 4 at 500°C) the 
compat ib i l i ty should fal1 in the f a i r to good range. 
Table VIII.2-1 Thermodynamic Formation of Lithium Carbide 
from Lithium and Various Ceramic Mater ials 
Free Energy (kcal/mole) 
Reaction 600°K 700°K 800°K 
L i ( l ) + C(s) + 1/2 L i 2 C 2 ( s ) -6.18 -5.96 -5.75 
L i ( l ) + a-SiC(s) •> 1/2 L i 2 C 2 ( s ) + Si (s) 9.76 9.79 9.81 
L i ( l ) + ß-SiC(s) + 1/2 L i 2 C 2 ( s ) - S i (s) 10.13 10.18 10.21 
L i ( l ) + B 4 C(s) + 1/2 L i 2 C 2 ( s ) + 4 B(s) 2.85 3.04 3.19 
L i ( l ) + TiC(s) + 1/2 L i 2 C 2 ( s ) + Ti(s) 36.13 36.11 36.07 
L i ( l ) + ZrC(s) + 1/2 L i 2 C 2 ( s ) + Zr(s) 3 9 © 3 X 39.33 39.35 
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VII I .2 .1.2.3 Radiation Effects on SiC 
The amount of f i s s i o n neutron i r rad ia t ion data on SiC i s very l i m i t e d ^ 3 " 6 ) 
and, of course, there i s no information on 14 MeV neutron ef fects at the 
present time. What data i s avai lab le i s en t i re ly from so l id SiC samples and 
there i s no information on woven st ructures. However, there i s some data on 
woven grahite f i be rs^ 7 ) which indicates successful operation up to ~ 10 dpa at 
~ 500°C. 
Tradi t ional l i fe t ime analyses for fusion reactor f i r s t walls cannot be 
used for the woven SiC INPORT un i ts . Dimensional changes (due to vo ids , 
l i nea r growth, e tc . ) can be eas i l y accommodated, crack propagation has l i t t l e 
meaning in a structure made up of thousands of indiv idual strands, and thermal 
stress has l i t t l e s ign i f icance when the f ibers are only microns in diameter. 
Duc t i l i t y changes w i l l be important and could give some ind icat ion of when the 
tubes (at least in the front rows) might begin to break apart under the per i -
odic motion associated with the target debr is . However, no meaningful 
measurements of the d u c t i l i t y of i r rad ia ted f ibers has been conducted as of 
now. Duc t i l i t y i s notoriously sensi t ive to small amounts of He in metals, but 
helium ef fects in ceramics l i k e C or SiC are far less documented. In f ac t , at 
high enough temperatures, heliurn i s known to migrate out of carbon.( 8 ) 
What then, i s a reasonable set of c r i t e r i a by which to judge the l i f e t ime 
of the SiC INPORT units? Because of the sparc i ty of data we w i l l examine the 
fol lowing information 
HIBALL Limit 
Linear Expansion < 10% 
Fracture Strength > 180 MPa 
Burnup of SiC < 1% 
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VII I .2 .1.2.3.1 Linear Length Changes in Irradiated SiC 
Early work by P r i c e d ) revealed that the l inear expansion of SiC satu-
rated at re la t i ve l y low levels of i r rad ia t ion (less than 3 x 1 0 2 0 n/cm 2 which 
i s ~ 0.3 dpa). Price found that th is saturat ion level of expansion was i n -
versely proportional to temperature as indicated in F i g . VI I I .2-4. Such 
information would suggest that saturation levels of ~ 0.5% might be reason-
able. 
Later work by Shel don( 4) to 5 x 1 0 2 2 n/cm 2 (~ 50 dpa) at 550°C also con-
firmed the saturation effect and projected that "acceptable" l inear expansion 
could be tolerated up to 100 dpa (~ 1 0 2 3 n/cm 2 ) . 
Even more recent work by Core l l i et a l . ( 5 ) , F i g . VI I I .2-5, showed that at 
< 200°C, the swell ing saturated at roughly 3 to 4% by 1 0 2 2 n/cm 2 (~ 10 dpa). 
This corresponds to a l inear expansion of ~ 1%, very close to the data of 
Pr ice (F ig . VI I I .2-4) . 
In summary, i t appears that l inear expansions of 0.5 to 1% mi ght be ob-
served a f te r ~ 1 month of operation in HIBALL. After that t ime, we might 
expect very l i t t l e addit ional expansion and therefore i r rad ia t ion induced 
growth would not appear to be a l i f e l im i t i ng feature. 
This conclusion is supported by studies at BNWL where graphite clothes 
were i r rad iated to 4, 7, and 10 dpa at 470°C.( 7) The dimensional changes 
ranged from +33% to -27%, far in excess of those observed in SiC. Despite 
these large dimensional changes, the two-dimensional c loth remained essen t i -
a l l y unchanged. Such results give us more confidence in the a b i l i t y of the 
SiC cloth structure to withstand neutron i r r a d i a t i o n . 
V I I I .2 .1 .2 .3 .2 Fracture Strength of Irradiated SiC 
There are two studies of s igni f icance in th is area: one by Mathney et al 
in 1979( 6) and the other by Core l l i et a l . ( 5 ) in 1981. Both studies used a 
VIII .2-9 — 260 — 
Figure VI 11.2-4 
THE NEUTRON-INDUCED EXPANSION 
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VIII.2-11 
material label led NC-430 which i s 88.5% SiC, s i l i c o n metal of 8-10%, and minor 
impuri t ies such as Fe (0.4%), Al (0.1%), and Boron (0.005%). The i n i t i a l 
f racture strength was 230 to 270 MPa. After i r rad ia t i on up to ~ 1 dpa at 
< 200°C the fracture strength remained unchanged when tested at 1200°C (F ig . 
V I I I .2 -6) . 
I r rad ia t ion of sintered a-SiC revealed much more sens i t i v i t y to i r r a d i -
a t ion . The fracture strengths of the a-SiC dropped to ~ 120 MPa at 1200°C 
a f te r ~ 1 dpa damage at 200°C (F ig . V I I I .2 -7) . 
In summary, low fluence (~ 1 dpa) i r rad ia t i on at < 200°C seems to have 
l i t t l e ef fect on the fracture strength of NC-430 but i t can reduce the 
fracture strength of «-SiC by a factor of 3. There i s no higher fluence data 
on which to extrapolate to the 100 dpa level at th is time. 
VI I I .2 .1 .2 .3 .3 Effect on Thermal Conductivity 
It i s well known that neutron i r rad ia t ion w i l l reduce the thermal conduc-
t i v i t y of carbon and S iC. Recent work by Core l l i et a l . ( 5 ) shows that the 
thermal conduct iv i ty i s reduced by a factor of 3 in the f i r s t dpa of damage 
and seems to saturate at that level (F ig . VI I I .2 -8) . Since the majority of 
the heat conduction in the INPORT units i s done by the Pb-Li a l l o y , such a 
d ras t i c change has l i t t l e e f fec t on the l i qu id surface temperature. There-
fo re , we do not view such a degradation as a serious problem. 
VI I I .2 .1 .2 .3 .4 Burnup of SiC Atoms 
The neutron spectral d i f ference between f i s s i o n and fusion systems i s 
quite dramatic. For example, the damage rate per f u l l power year in HIBALL i s 
118 dpa/FPY. At a maximum neutron wall loading of ~ 5 MW/m2 on the tubes th is 
t ranslates into 24 dpa per MW-y/m2. In a f i s s i o n reactor the damage rate i s 
~ 10 dpa per 1 0 2 2 n/cm2 (E > 0.1 MeV). 
— 263 — 
VII I . 2-12 
Figure VI 11.2-6 
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Figure VI 11.2-7 
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The production of helium i s ~ 740 appm He per MW-y/m2 in HIBALL but only 
~ 14 appm per 1 0 2 2 n/cm2 in a f i s s i o n reactor. S imi la r l y the production of 
hydrogen i s ~ 280 appm per MW-y/m2 in HIBALL but ~ 11 appm per 1 0 2 2 n/cm 2. A 
comparison of the appropriate values for f i s s i o n and fusion reactors i s given 
in Table VI I I .2-2. 
From the information in Table VIII.2-2 we f ind that roughly 0.5% of the 
SiC molecules lose one of i t s atoms per FPY. While there i s no f i rm ru le of 
thumb as to how much burnup can be to lera ted, we think the value of 1% i s 
reasonable. On th i s bas is , we would l im i t the INPORT unit l i f e t ime to 2 FPY 
in the inner un i ts . The burnup drops o f f rapidly in the outer tubes such that 
the l im i t i s not reached for 10 FPY in the 10th row and the las t (17th) row of 
tubes never reaches the 1% l im i t in 20 FPY 's . 
Table VIII.2-2 Comparison of Radiation Damage Parameters in SiC 
HIBALL HFBR<a) 
Dispiacement damage 
dpa per MW-y/m2 2 4 
dpa per 1 0 2 2 n/cm2 (b> — 1 0 
dpa/FPY 1 1 8 1 6 
Helium production 
appm He per MW-y/m2 7 4 0 
appm He per 1 0 2 2 n/cm2 (b> — 1 4 
appm He/FPY 3 7 0 5 2 2 
Hydrogen production 
appm H per MW-y/m2 2 8 0 
appm H per 1 0 2 2 n/cm2 ( b) — 1 0 
appm H/FPY 1 4 ° 8 1 6 
(<0 High f lux beam reactor^ 5 ) 
( b) (E > 0.1 MeV). 
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VII1.3 HIBALL Reflector Region 
VIII .3.1 HT-9 Structural Material 
VI I I .3.1.1 General Environment 
The re f lec to r i s cooled by a Pb-Li a l loy which ranges in temperature from 
300 to 500°C. The flow ve loc i ty i s 1 m/s and the coolant pressure i s 2 MPa. 
A re l a t i ve l y high vacuum (< 10" 5 torr ) normally ex is ts on the chamber-side of 
the re f lec to r region, but the f i r s t wall of the re f l ec to r region i s per iod ic-
a l l y covered with Pb vapor at 500°C or higher. The hydrogen par t ia l pressure 
is IO" 4 to r r at 500°C. 
VI I I .3 .1.2 Radiation Environment for HT-9 
The two key measures of radiat ion damage, the displacement damage and 
amount of He produced per FPY are plotted in F i g . VII1.3-1 as a funct ion of 
e f fec t i ve INPORT unit th ickness. Because of the protect ion afforded by the 
inport units the maximum damage i'n the HT-9 side wall i s 2.7 dpa per FPY and 
th i s drops by a factor of 100 over the 41 cm thickness (F ig . V I I .3 -2) . Simi-
l a r l y , the maximum helium production i s 0.4 appm He per FPY and th i s drops by 
a factor of 1000 across the re f l ec to r . The appm He/dpa ranges from 0.1 to 
0.02. 
The damage rate of the neutrons behind the INPORT units i s given in F i g . 
VI 11.3-3. The peak damage rate i s 0.009 dpa per second and the damage rate 
stays above 10" 3 dpa per second for ~ 5 microseconds and above IO" 4 dpa sec " 1 
for 10 microseconds. 
VI 11.3.2 Previous Experiments Under HIBALL-Type Conditions 
VI I I .3.2.1 Compat ibi l i ty of HT-9 with Pb-Li A l loys 
As might be expected, there i s no data concerning the P b 8 3 L i 1 7 eutect ic 
a l loy on HT-9 at temperatures of 350-500°C. There i s a small amount of in fo r -
mation on low a l l o y , high strength steels in pure l e a d ^ 1 ' 5 ) , and some data on 
VIII .3-2 — 269 — 
F i g . VIII.3-1 Var iat ion in damage parameters for HT-9 in the re f lec to r 
region of HIBALL. 
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Figure VII1.3-2 
Spat ia l var ia t ion of rad iat ion damage in HT-9 structure of 
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2-1/4 Cr-1 Mo al loys with a LiggPbx system at 500°C.( 6) The only information 
on l i qu id metals and HT-9 i s a recent study at ANL in pure l i th ium and l i th ium 
contaminated with nitrogen at 482°C.( 7) 
Despite claims in e a r l i e r studies that low a l loy steels were not em-
b r i t t l e d by pure lead, recent resul ts showed embrittlement could occur near 
the melting point of the lead (327°C). ( 4 » 5 ) The embrittlement of the high 
strength 4100 ser ies steels started at ~ 200°C and reached a maximum (lowest 
d u c t i l i t y ) at ~ 320°C. Above ~ 370°C there was degradation in the d u c t i l i t y 
(see F i g . VI I I .3 -4) . The addit ion of Sn increased the width of the embr i t t l -
ing zone. 
At higher temperatures, 700°C, 2-1/4 Cr-1 Mo a l loy suffered a severe at-
tack a f ter 300 hours of exposure to l ead . ( 3 ) However, the addit ion of Ti to 
the Pb completely el iminated the corrosion under the same condi t ions. It has 
been known for a long time that the addit ion of Ti or Zr to Pb would i nh ib i t 
corrosion by forming t i gh t l y adherring TiC and ZrC f i lms on the steel surface. 
On the other end of the spectrum, a LiggPbj a l loy was shown to attack 
Fe 3C and Mo2C in the welded zones of a 2-1/4 Cr-1 Mo a l loy at 500°C af ter 
exposure up to 1600 hours. Figure VI I1.3-5, from the paper by Anderson et 
al . ( 4 ) , shows that the cementite and Mo2C are unstable with respect to Li 
below 500°C while the chromium carbides are stable over a wide range. 
Work at Harwel l ( 8 ) has shown that low a l loy steels can be s i gn i f i can t l y 
decarborized by exposure to Li even at ~ 200°C. However, higher Cr containing 
steels such as 2-1/2 Cr-1 Mo, or the 9 Cr-1 Mo a l loys showed much greater 
r e s i s t a n c e . ^ ) Presumably, the higher Cr content of HT-9 would help to pro-
tect that a l loy from decarborizat ion and hence embrittlement. 
A recent study by Chopra and Smith( 7) has shown that nitrogen can have a 
large ef fect on the fat igue l i f e of HT-9 in flowing Li at 482°C. They found 
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TEST TCMPERÄTURE, e F 
Reduction of area, RA, for 200-ksi (1379-MPa) 4145 s t e a l , 
surface wetted with.various Pb-Sn a l loys as a function of 
test temperature. (4,5) 
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Figure VII I .3-5 
Rela t ive thermodynamic stability ©f several carbides 
in carbon saturated lithium. (4) 
VIII.3-8 
— 275 — 
that in short term fat igue t e s t s , where the nitrogen level was between 80 and 
130 ppm, the fat igue l i f e in Li was the same as that obtained in Na. However, 
when the nitrogen level reached > 1000 ppm of n i t rogen, there was a dramatic 
drop in the fat igue l i f e (F ig . VIII.3-6) by as much as a factor of 5. This 
strongly suggests that close control of the nitrogen level of the HIBALL c o o l -
ant wil1 be necessary. 
In summary, i t appears that pure lead can have an embri t t l ing ef fect on 
low chromi urn containing steels between 200 and 320°C but operation above that 
temperature and below 700°C should be acceptable. Ti or Zr inh ib i to rs can be 
added to the Pb-Li a l loy to reduce the corros ion. The higher chromium content 
of the HT-9 i s also l i k e l y to help the weld zones to res i s t attack by the 
1 i th i urn. 
VI I I .3 .2.2 Radiation Ef fects to HT-9 
The response of HT-9 to neutron i r rad ia t ion has been the subject of 
intense invest igat ion in the LMFBR program. It has been found (by sc ien t i s t s 
at General Atomic) that HT-9 i s res is tant to s ign i f i can t void production below 
100 dpa which i s roughly equivalent to 40 FPY in HIBALL (see F ig . VI I I .3-7)-
S im i la r l y neutron damage to 5 dpa has been shown to have very l i t t l e ef fect on 
the tens i le properties and tens i l e d u c t i l i t y of the HT-9 a l l oy . However there 
i s a modest upward sh i f t in the duc t i l e to b r i t t l e t rans i t i on temperature 
(DBTT) of 100°C in 5 dpa (F ig . VI 11.3-8). This DBTT sh i f t seems to be satu-
rated above 5 dpa and at 25 dpa i t i s s t i l l only ~ 100°C. Since the melting 
temperature of P b 8 3 L i 1 7 i s 254°C, th is i s s t i l l 150°C above the DBTT. There-
fore i t appears that f e r r i t i c steel can las t the l i fe t ime of HIBALL without 
necessar i ly having to enter the b r i t t l e regime. 
The ef fect of high damage rates (F ig . VIII .3-3) on the f i na l damage state 
can only be a subject for speculation at th i s t ime. Theoretical analysis 
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Figure VIII .3-6 
Total and p l a s t i c s t r a i n range vs . cyc les to f a i l u r e 
fo r HT-9 a l l o y tested in l i th ium at 755 K.(7) 
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Figure VII I .3-7 
Swell ing of candidate CTR mater ia ls during neutron i r r ad ia t i on . 
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Figure VI 11.3-8 
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reveals that the high damage rates may promote such a high supersaturation of 
point defects that enhanced recombination w i l l occur and lower the residual 
damage. However no experimental data on pulsed data ex is ts at t h i s time and 
we w i l l have to wait for future c l a r i f i c a t i o n in test f a c i l i t i e s . 
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VI 11.4 Helium Behavior in the HIBALL Structural Material 
VII I .4.1 Introduction and Background 
Fusion reactor f i r s t walls are expected to withstand severe operational 
environments. Aside from the detrimental e f fec ts of radiat ion damage, nuclear 
react ions produce both so l id and gas transmutants in the structural mater ia ls . 
The generation of helium as a resul t of transmutation reactions arouses con-
cern about i t s e f fects on the long-term in tegr i ty of the f i r s t wa l l . The 
presence of helium has been recognized to degrade the high temperature duc-
t i l i t y of s ta in less s t e e l . M More recent ly , void formation and swel l ing of 
(2) 
metals were recognized to be strongly influenced by the presence of helium.^ 
Helium i s thermodynamically insoluble in metals and tends to prec ip i ta te 
into bubbles i f the temperature i s high enough for the helium atoms to mi-
grate. Whereas helium concentrations in steel typ ica l of f i s s i o n reactor 
environments are in the range of 1-10 appm,( 3) the s i tua t ion i s expected to be 
much more severe for Magnetic Confinement Fusion Reactors (MCFR's) and 
Iner t ia l Confinement Fusion Reactors (ICFR's) because the transmutation cross 
sections for the 14 MeV neutrons are much higher. Generation rates are pro-
jected to be considerably greater than fast breeder reactors with up to 644 
appm/yr in a Princeton des ign , * 4 ) 285 appm/yr in UWMAK-I,(5) and ~ 294 appm/yr 
in the INTOR des ign . ( 6 ) The helium generation rates in HIBALL depend on 
whether or not the steel i s protected by the INPORT un i ts . Components such as 
the in le t for the target in jec tor or the front part of the struts holding up 
the INPORT units w i l l experience helium production rates of ~ 230 appm per 
f u l l power year. On the other hand, the HT-9 f i r s t wall behind the INPORT 
units w i l l only experience helium production rates of ~ 0.4 appm per FPY. 
The helium content and the high ra t io of heliurn concentration to d i s -
placement damage predicted for fusion reactors has given r i se to the 
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expectation that bubbles rather than voids may ex is t in many fusion reactor 
structural materials.*7»8) Furthermore, the synerg is t ic e f fects of helium and 
displacement damage have been predicted to have a s ign i f i can t inf luence on the 
microstructural evolution.*9»10) The object of t h i s section i s to examine 
only the ef fects of helium in HIBALL on the dimensional s t a b i l i t y of the HT-9 
structure. 
VII I .4.2 Helium Migration Mechanisms 
The migration mechanisms of helium in metals are not well understood. 
Speculations for these mechani sms include subs t i t u t i ona l , i n t e r s t i t i a l , mutual 
( i n t e r s t i t i a l + subst i tu t ional ) d i f f us ion , momentum t ransfer , d i f fus ion by d i -
vacancies and various combinations of the mechani sms. It i s not the intent of 
the present sect ion to discuss the de ta i l s and supportng evidence of al1 of 
these mechani sms. However, selected theoret ica l and experimental evidence for 
helium migration by a trapping-detrapping mechanism are b r i e f l y discussed. 
An i n t e r s t i t i a l migration mechani sm was inferred from computer ca lcu -
1ations of minimum energy l a t t i c e configurat ions for a var iety of atomic jumps 
by helium atoms, vacancies, and s e i f - i n t e r s t i t i a l s in face-centered cubic 
me ta l s . * 1 1 ) There is strong evidence that heliurn has a low value for the 
act ivat ion energy for i n t e r s t i t i a l d i f fus ion and a high i n t e r s t i t i a l formation 
e n e r g y . * 1 2 ) . Smidt and P iepe r * 1 3 ) found for s ta in less steel assuming 25 ppm 
He, a migration energy of 2.3 eV for the heliurn atom to reach a bubble. The 
value is close to the s e l f - d i f f u s i o n energy of n i c k e l , 2.8 to 2.9 eV. This i s 
consistent with the motion of helium as a subst i tu t ional atom to form bubbles. 
The model considered in the present study i s substantiated by experiments 
and explains helium m i g r a t i o n * 1 2 " 1 4 ) reasonably we l l . Heliurn forms in an 
i n t e r s t i t i a l posi t ion and moves rapid ly as an i n t e r s t i t i a l un t i l i t encounters 
a vacancy, vo id , or other heliurn t rap, or i s los t to the surface. The gas 
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atom moves to a vacancy and i t s jump distance i s best represented by the 
distance between avai lab le vacancies. The time spent in a vacancy or other 
trap i s large compared with the time the gas atoms spend in an i n t e r s t i t i a l 
pos i t ion . The trap s i tes f i l l rapidly because they o f fer a large sink to 
d i f fus ing gas atoms. Following th is model, Reed* 1 2 ) gave the fol lowing d i f f u -
sion coe f f i c ien t 
D H e = v 0 £ c ; 2 / 3 exp {-E° e /kT} (VIII.4-1) 
where v 0 i s the frequency factor for the detrapping of hel ium, X i s the jump 
dis tance, and E° e i s approximately the detrapping energy of helium in f e r r i t i c 
s t e e l . 
VI I I .4.3 A S impl i f ied Theory for Helium Swell ing 
VII I .4.3.1 Assumptions and Equations 
Idea l l y , one would l i k e to formulate a theory in which a l l possible atom-
i s t i c interact ions are accounted fo r . However, there are two major d i f f i c u l -
t i e s with such a not ion. The deta i led descr ipt ion of the atomistic processes 
can be computationally burdensome,* 1 5 ' 1 6 ) with a very l imi ted chance of corre-
la t i ng to experiments. On the other hand, basic material parameters such as 
binding and migration energies of defect complexes are not very well deter-
mined. In view of these d i f f i c u l t i e s , theor is ts have attempted to envoke con-
venient approximations. The v a l i d i t y of such approximations can only be 
tested by deta i led and careful corre la t ions with experiments. In th is section 
we develop a s imp l i f ied conceptual rate theory in which many complicating 
features have been neglected. Only those de ta i l s that are believed to play 
dominant roles are reta ined. A qua l i ta t i ve descr ip t ion of the present model 
i s given below. 
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Helium is assumed to migrate by an i n t e r s t i t i a l mechanism in between 
vacancy t raps. There i s no d i s t i nc t i on in the theory between i n t e r s t i t i a l and 
subst i tut ional heliurn. Once two helium atoms c o l l i d e , they form a di-hel ium 
gas atom c lus ter for which vacancies are read i ly avai l able. Because of the 
p o s s i b i l i t i e s of thermal d issoc ia t ion and radiat ion re -so lu t i on , th is c lus te r 
i s unstable. Once a t r i -he l ium gas atom c lus ter i s formed, i t can at t ract few 
more vacancies and form the c r i t i c a l nucleus s ize for smal1 g a s - f i l l e d c a v i -
t i e s . Nucleation is therefore dictated by the behavior of gas atoms rather 
than by vacancies. It has been recent ly discussed by Meyer et a l . * 1 7 ) that 
experimental evidence supports th i s assumption. The nucleation rate of cav i -
t i es is the rate at which they cross th i s boundary in s ize space. The density 
of cav i t i es wil1 therefore increase as the density of s ingle and di-helium 
species increase. After a cer ta in i r rad ia t ion time, i t becomes more probable 
for s ingle helium to c o l l i d e with larger s ize cav i t i es than with the smal 1 
nuc le i . Thus a gradual sh i f t from the nucleation stage to the growth stage i s 
achieved. The large s ize cav i t i es are assumed to star t growing from the 
nucleus s i t e at only one average speed. The s ize d is t r ibu t ion i s therefore 
approximated by a del ta function and by keeping track of vacancy, i n t e r s t i t i a l 
and heliurn atom flows in and out of the average cav i t y , we can determine i t s 
s ize and nature (void or bubble) at any time. Since i n t e r s t i t i a l loops nucle-
ate rapid ly during i r r a d i a t i o n * 1 5 ' 1 6 ) , t he i r number density i s assumed to be 
constant and they are only at a state of growth. 
Such a s impl i f ied descr ipt ion i s obviously not complete but i t w i l l pro-
vide an order-of-magnitude comparison with the experiment. The roles of 
vacancy loops, d ivacancies, p rec ip i ta tes , d is loca t ion dynamics, cav i ty mi-
grat ion and coal essence, and matrix chemical changes in complex al loys are 
a l l neglected. Under these r e s t r i c t i v e assumptions, the fol1owi ng rate 
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equations describe swell ing under condit ions of simultaneous helium gas and 
displacement damage production. 
• P " 2 K l l C H e • k12CHeC2He " E c H e N + 2< 2 C2He>» 
fly, P , 
+ mNb - Z H e P d D H e C H e - 6D H e C H e + 2 y h ( 2 ) C 2 H e 
(VIII.4 
^ • - K12CHeC2He " 2 C 2 H e b + 3 C 3 H e b " V 2 > C 2 H e < V I 1 1 - 4 
T T 1 " K12CHeC2He " K13CHeC3He " 3 C 3He + 4 C 4 H e b < V I 1 1 - 4 
D N - K r r - 3C b (VIII.' 
w - - * 6 - V d V v - K v i V i ( V I 1 1 - ' 
^ • ' d - V d ^ l - K v i C v C f ( V I H - ' 
£ - 4 , R c D H e C H e - bm (VIII.. 
AD _ 
l t £ - f t D v C ¥ - D 1 C 1 - D ¥ C ; t e x p f r ( f - P ) - 1 H (VIII. 
C c 
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where the concentrations are expressed in atoms per atom (apa) and the rad i i 
are in meters. Some of the terms in the above equations are defined in Table 
VIII.4-1 and the numerical values used in the present calculat ions are i n -
cl uded in Table VIII.4-2 (ref. 20). The f i r s t three equations describe the 
concentrations of single gas atoms, diatomic c lusters and t r i atomic c l us te rs . 
The fourth equation describes the total cavi ty number density. 
The vacancy and i n t e r s t i t i a l concentrations are represented by two 
coupled rate equations. The last three equations describe the gas atom 
concentration in a cav i ty , the average radius of the cav i ty , and the average 
i n t e r s t i t i a l loop r a d i u s . * 1 8 ) 
The quant i t ies K m n are defined as fo l lows: 
K m n = J V ^ (VIII.4-11) 
a o 
where z m n is the combinatorial number, ü is the atomic volume, a Q is the 
l a t t i c e parameters, and D H e is the helium d i f fus ion coef f ic ient given by Eq. 
VI I I .4-1 . 
The. thermal d issoc iat ion parameter for di-gas atom clusters * 1 9 ) is 
D E B 
Y n (2) exp (- - | ^ ) (VIII.4-12) 
a o 
D 
where E 2 H E is the di-helium binding energy. 
The e las t i c energy of a d is locat ion loop of radius R i Ä is given b y * 3 1 ) 
p b v R i p + bw 
Fe£ = (1 - v )4 1 r (R u + b y ) l n * b v ) (VIII.4-13) 
where n is the shear modulus, v is the Poisson's r a t i o , and b y is Burger's 
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vector. Detai ls of the derivat ion of the previous set of equations are given 
in reference 20. 
Table VIII.4-1 Terms and Processes in the Rate Equations 
Term/Process Description 
p Production of helium gas atoms. 
2K c 2 Rate at which helium gas atoms disappear by for -
1 1 H e mation of diatomic c lusters (two gas atoms are 
consumed for each diatomic c l us te r ) . 
K c C Rate of formation of t r i atomic c lusters from d i -
1 2 H e 2 H e gas atoms and single gas atoms. 
K C C Rate of formation of four-atom clusters from t r i -
13 He 3He g a s a t o m s a n c | s ingle gas atoms. 
K c C Rate of formation of five-atom clusters from 
14 He 4He four-gas atoms and single gas atoms. 
2(2C )b Rate at which single atoms are returned to the 
2He' matrix by resolut ion of diatomic c lus te rs . 
3 C 3 H e b , 4 C 4 H e b Resolution rates. 
1 p D c Rate of d i f fus ion-cont ro l led absorption of helium 
He d He He g a s atoms by d is loca t ions . 
/TTTp 
6D He
 d c Removal rate of helium gas atoms by grain 
He / 3 üHe boundaries. 
Y (2)C Thermal d issoc ia t ion rate of diatomic c lus ters 
n 2He into single gas atoms. 
p. Production of rate defects. 
r d 
I .p d .c • Rate of d i f fus ion-cont ro l led absorption of 
v > 1 d v > 1 V s 1 vacanc ies / i n te r s t i t i a l s by d is loca t ions . 
K v i C v C . Rate of homogeneous point defect recombination. 
- ( Y + F )b 2 
c
e
 e x p
 s f ^ Equi l ibr ium vacancy concentration at the edge of 
v k T an i n t e r s t i t i a l d is loca i ton loop of radius R i Ä 
with a stacking faul t energy, Y s f . 
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Table VII1.4-2 Material Parameters used in the C a l c u l a t i o n s * 2 0 ) 
Parameter Def in i t ion Numerical Value 
a 0 l a t t i c e parameter 3 .63 A 
k Boltzmann's constant 8.617 x 10" 5eV/K 
b Burger's vector 2.5668 x IO" 8 cm 
cv-j recombination combinatorial number 48 
en combinatorial number for He-He 84 
cj_2 combinatorial number for He-2He2 20 
combinatorial number for He-He3 12 
d grain diameter 3.0 x 10" 3 cm 
Pq i n i t i a l value of d is loca t ion density 10 8 cm/cm3 
E g H e binding energy of di-hel ium 0.79 eV 
Ey detrapping energy of helium 3.16 eV 
E| formation energy of an i n t e r s t i t i a l 4.08 eV 
migration energy of s i n g l e - i n t e r s t i t i a l 0.20 eV 
Ew formation energy of a vacancy 1.60 eV 
migration energy of s ing le vacancy 1.40 eV 
Y surface energy 6.24 x 1 0 1 4 e V / c , 2 
n atomic volume 1.1958 x 1 0 " 2 3 cm3 
v Poisson's ra t io 0.291 
R c(0) i n i t i a l value of the cav i ty radius 20 A 
i n i t i a l value of the i n t e r s t i t i a l 
loop radius 5 A 
Y s f stacking fau l t energy 9.2 x 1 0 1 2 eV/cm 2 
it shear modulus 1.7665 x 1 0 2 3 eV/cm3 
B Van der Waal's constant 1.75 x 1 0 " 2 3 
v H helium vibrat ional frequency 5.0 x 1 0 1 4 / s e c 
vi i n t e r s t i t i a l v ibrat ional frequency 5.0 x 1 0 1 2 / s e c 
v v vacancy v ibrat ional frequency 5.0 x 1 0 1 3 / s e c 
bias factor of hel i urn gas atoms 1.00 
Z i bias factor of i n t e r s t i t i a l s 1.01 
Z v bias factor of vacancies 1.00 
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VII1.4.4 The EXPRESS Computer Code 
In order to solve the previous set of rate equations (VIII.4-2 to VI I I .2-
10) for Iner t ia l Confinement Fusion condi t ions, a special computational tech-
nique was developed. The EXPRESS computer code ( Integrat ion/Extrapolat ion 
Method for Pulsed Rate _Equations of S t i f f Systems) solves time dependent rate 
equations describing the evolut ion of the space-averaged damage state of an 
ICFR f i r s t wa l l . As such, i t represents an extension of the HEGBUF c o d e * 2 0 ) , 
developed by M. Takata to describe the damage-state evolut ion in steady-state 
and slowly pulsed fusion machines. 
The equations describing th i s system possess the property of s t i f f n e s s ; 
that i s , the time scales character iz ing the various elements of the system 
span a large range of values. The integrat ion of such a system requires the 
use of specia l ized numerical techniques. Many of these techniques have been 
incorporated into a set of subroutines ca l led the GEAR package.* 2 1 ) When the 
pulse frequency i s high, as in the case of ICFR's, even the methods of GEAR 
become proh ib i t i ve ly expensive. 
To a l l ev ia te th is d i f f i c u l t y , we have developed an integrat ion/extrapo-
1 ation method which allows us to obtain the solut ion of the equations without 
integrat ing each pulse. A deta i led descr ipt ion of th i s method i s contained in 
a UCLA r e p o r t . * 2 2 ) A flow diagram i s shown in F i g . V I I I .4 -1 . 
VI I I .4 .5 Results 
In a l l of our ca lcu la t ions , the displacement and helium production rates 
were ideal ized by square waves of de f in i te pulse lengths ( T o n ) . The peak d i s -
placement damage and helium production rates are determined by conserving the 
total number of displacements and helium within one pulse. The magnitude of 
the on-time i s determined as the " f u l l width at half maximum (FWHM)" from the 
nuclear analysis of the wall response. It was also found that under our 
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INTEGRATE N 0 PULSES 
REDUCE AN 
INTEGRATE N6 +1 PULSES 
i 
COMPUTE c, AND AN 
Y E S O 
COMPUTE THE EXTRAPOLATED Y, I 
ESTIMATE THE ERROR IN Y, 




UPDATE GLOBAL VALUES OF Y, AND N 
F i g . VIII.4-1 Flov; diagram of in tegrat ion/extrapolat ion method of solut ion 
developed. 
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spec i f i c condi t ions, the helium mean-lifetime i s much longer than the on-time. 
No heliurn d i f fus ion i s therefore expected during the short on-time, and the 
helium on-time can be approximated by the displacement damage on-time. 
The fol1owi ng condit ions apply: 
and 
x. < T < x < T H o (VIII.4-14) 
i on v He 
T o n (He) ~- T o n (dpa) (VIII.4-15) 
We w i l l here analyze the fol lowing two cases. 
VI I I .4.5.1 Unprotected F e r r i t i c Steel F i r s t Wal]_ 
Based upon the previous assumptions, and the resu l ts of the nuclear 
ana lys is , we use as input to the computer code EXPRESS the fo l lowing: 
T 0 n = 5 n s 
Tcycle = ° ' 2 s 
instantaneous dpa/s = 32.12 dpa/s 
instantaneous He/s = 2.89 x IO" 4 a t / a t / s 
dpa/FPY = 25.36 dpa/FPY 
He/FPY = 227.6 appm/FPY 
He/dpa ra t io = 9 appm/dpa 
Figure VIII .4-2 shows the concentration of s ingle helium atoms in the 
f e r r i t i c steel matr ix, as a funct ion of i r rad ia t ion time. The ca lcu la t ions 
for th is case (500°C) were performed up to ~ 80,000 pulses. The helium is 
mainly trapped in vacancies and has a very l i t t l e chance for d i f f u s i o n . The 
cav i ty concentration i s shown in F i g . VII I .4-3 where the so l id l ines are for 
equivalent cont inuous- i r rad ia t ion , and the dotted are for the actual pulsed 
case. By ~ 80,000 pulses, the cav i ty density in the pulsed case i s already 
IRRADIATION TIME (SECONDS) 
F i g . VII I ,4-2 Concentration of s ingle He atoms in f e r r i t i c steel matr ix, 
as a function of i r rad ia t ion time. 
VI 1 1 . 4 - 1 3 
TIME, SECONDS 
VITT 4-3 Cavity concentrat ion; so l id l i nes are for equivalent 
continuous i r r a d i a t i o n , dotted are for pulsed case. 
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smaller than the corresponding continuous i r r a d i a t i o n . The concentrations of 
both vacancies and i n t e r s t i t i a l s for the f i r s t 300 pulses are shown on F ig . 
VIII .4-4 and up to 80,000 pulses on F i g . VI I I .4-5. The so l id 1ines are for 
the continuous i r rad ia t ion equivalent, while the dotted l ines represent the 
envelope of the f luctuat ions in these components. The increase in the average 
radius of the cavity is shown in F ig . VI 11.4-6 where i t is evident that puls-
ing of i r rad ia t ion results in a smaller cavity radius. This is mainly due to 
the enhanced vacancy- in te rs t i t ia l recombination brought about by the f l uc tu -
ations shown on the previous f igure . It is concluded therefore that under 
pulsed i r r a d i a t i o n , a lower amount of swell ing is observed than that observed 
under the equivalent continuous i r r ad ia t i on . This conclusion is unique to the 
HIBALL conditions and caution should be used in extrapolat ing to other condi-
t i ons . 
A comparison of the cost of the new integrat ion/extrapolat ion method, and 
the straight numerical integrat ion of the previous equations is shown in F i g . 
VI I I .4-7 . A gain of over a factor of 20 in the cost of integrat ion is achieved 
using our new method. This is extremely important in studies of pulsed ef-
fects that include ratcheting (build-up) phenomena. 
VI I I .4 .5.2 Protected F e r r i t i c Steel F i r s t Meta l l i c Wall 
A summary of radiat ion damage parameters in the f i r s t metal l ic w a l l , and 
in the re f l ec to r , is given in Table VIII .4-3 below. 
Figure VIII .4-8 shows the concentrations of the primary components of 
damage: vacancies, i n t e r s t i t i a l s , and helium atoms, during the f i r s t pulse 
and pulse 615. The vacancy and i n t e r s t i t i a l concentrations are shown to be 
higher than the helium concentration during the f i r s t pulse where the heliurn 
is re la t i ve l y mobile. As damage accumulates, the concentration of helium 
increases due to i t s decreased mobi l i ty . It is also shown that the se l f -
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Fig. VIII.4-4 Concentrations of vacancies and in ters t i t ia ls for the 
f i r s t 300 pulses. 
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F ig . VIII.4-5 Concentration of vacancies up to 80000 pulses. 
TIME, SECONDS 
F ig , v i11.4-6 Change in cav i ty radius vs . time of i r r a d i a t i o n . 
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F ig . VII I .4-8 Concentration of vacancies, i n t e r s t i t i a l s , and He atoms, during the 
f i r s t pulse and pulse 615. 
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Table VII I .4-3 Radiation Damage Parameters for the 
Protected F i rs t Meta l l ic Wall 
F i rs t Wall 
Half Ref. 
Thickness 
Ful l Ref. 
Thickness 
T o n * its 1.5 2.0 2.4 
T cycle» s 0.2 0.2 0.2 
dpa/yr 2.7 0.32 0.028 
appm He/yr 0.364 0.0112 5.4 x IO" 4 
He/dpa 0.135 0.035 0.019 
d p a / s i n s t e 1.14 x 10~ 2 1.02 x IO" 3 7.4 x IO" 5 
H e / s i n s t . 1.54 x IO"
9 3.56 x I O " 1 1 1.4 x I O " 1 2 
i n t e r s t i t i a l s d i f fuse s i gn i f i can t l y during the pulse on-time, while both 
vacancies and heliurn remain in the matrix during th i s short period. The 
helium d i f fus ion coe f f i c ien t is shown in F i g . VI 11.4-9 as a function of the 
pulse number. 
Equivalent steady state ca lcu la t ions were made for the peak damage posi -
t ion in the f i r s t wa l l . Figure VIII.4-10 shows the resu l ts of these ca lcu-
la t ions where the cav i ty average rad ius, and the concentration are shown 
as functions of i r rad ia t i on time. The maximum swel l ing i s shown to be 
ins ign i f i can t over the f i r s t wall l i fe t ime at 450°C (< 10" 3%). 
In order to understand th is low value of swel l ing , we developed a s impl i -
f ied model for the par t i t ion ing of gas atoms in c a v i t i e s . The model assump-
t ions are: 
1 0 . 0 
3 0 0 
PULSE NUMBER 
F ig . VI 11.4-9 He d i f fus ion coe f f i c i en t as a function of pulse number. 
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TIME, SECONDS 
F ig . VII I .4-10 Av/v, cav i ty average radius, and concentration as function 
of i r rad ia t ion time. 
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(1) Continuous i r r a d i a t i o n . 
(2) HFIR cavi ty density for 316 SS 
N c = 6.642 x I O 2 2 exp (-0.023 T(K)) 
(3) Cavi t ies are equi l ibr ium bubbles. 
(4) Van der Wal l 's equation of s ta te . 
(5) A l l gas i s in c a v i t i e s . 
The calculated swel l ing, based on th is model i s shown in Table VII I .4-4. 
These s imp l i f ied ca lcu la t ions indicate that the maximum amount of swel l ing 
w i l l again be small over the l i fe t ime of the wa l l . It i s concluded therefore 
the swel l ing i s not a major design problem, and l i fe t ime w i l l be more l imi ted 
by other considerations (such as embrittlement at low temperature and creep 
rupture at high temperature). 
Table VIII .4-4 Percent Swell ing for the Protected F i r s t Wall 
T, °C 1 yr 10 yrs 30 yrs 
300 0 6.4 x IO"
4 1.93 x IO" 3 
400 6.42 x IO" 5 6.6 x I O
- 4 1.97 x IO" 3 
500 6.6 x IO" 5 3.0 x IO"
4 1.58 x IO" 3 
600 3.04 x IO" 5 9.7 x IO"
4 5.0 x I O - 3 
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VIII .4,6 Conclusions 
From our study of helium behavior in the HIBALL design, we conclude the 
fo l lowing: 
(1) Helium migrates i n t e r s t i t i a l l y by a trapping/detrapping mechanism. 
(2) The He/dpa ra t io i s the parameter that s i gn i f i can t l y af fects cav i ty 
nucleat ion. 
(3) Maximum nucleation w i l l be in the f i r s t wa l l . 
(4) A successful new integrat ion/extrapolat ion technique has been developed 
for pulsed systems: 
CPU time + down by ~ 20 
Error + up by ~ 1-4% 
(5) The cavi ty density in pulsed i r rad ia t ion is higher than continuous 
i r rad ia t ion only before s ign i f i can t helium d i f fus ion occurs. 
(6) Fluctuations in point defect concentrations due to pulsing lead to a 
smaller growth rate of c a v i t i e s . 
(7) Overall swel l ing due to pulsing w i l l be smaller than corresponding 
continuous i r r a d i a t i o n . 
(8) Swell ing w i l l not be a 1ife-determining factor for the HIBALL design. 
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IX Maintenance 
IX.1 Radiation Environment 
The ca lcu la t ions presented in sect ion VI.3 showed that the dose outside 
the sh ie ld was acceptable during and fol lowing operat ion. However, the ca lcu-
la t ions presented in sect ion V I . 3 . 5 indicated that very high leve ls of a c t i v i -
ty w i l l be associated with the structure in the INPORT region and the f i r s t 
wall and re f l ec to r . In addi t ion, neutron streaming w i l l produce a c t i v i t y in 
the vacuum l ines and pumps, the beam por ts , and the beam dump. The a c t i v i t y 
generated in those parts of the system that are struck by heavy ions must also 
be considered. The consequences of th i s for maintenance i s that dose leve ls 
w i l l be so high that remote maintenance w i l l be required for a l l major tasks 
such as replacement of INPORT tubes, service of vacuum systems, coolant l i n e s , 
magnets, e tc . The fol1owi ng sections ind ica te , at least in a schematic 
fashion, the features of the design that have been incorporated to carry out 
these tasks and how they might be performed. 
IX.2-1 -
IX.2 Cavity Components 
IX.2.1 Introduction and Maintenance Philosophy 
A mechanical descr ipt ion of the cavi ty was given in Section VI .1 .2 . In 
th is section we w i l l out l ine the procedures and maintenance philosophy for the 
internal cav i ty components. 
There are essent ia l l y only two kinds of cav i ty components which w i l l 
require periodic replacement due to radiat ion damage; they are the rad ia l 
blanket modules and the upper blanket modules. These blanket modules were 
designed with mainta inabi l i ty as a prime considerat ion. 
Figure IX.2-1 shows a cross section of the cav i t y . The upper blanket 
covers the top of the cav i ty and i s divided into 30 ident ica l modules. Each 
module has one supply header connected to i t at the upper outer periphery. 
The coolant c i rcu la tes through the blanket and ex i ts through a tube which 
connects with the radia l blanket. The coolant from the upper blanket then 
drains through the back tubes of the radia l blanket. 
During operation when the upper blanket i s fi11ed with L i 1 7 P b 8 3 , the 
upper blanket modules are supported on the re f l ec to r by means of studs. These 
studs f i t in mi 11ed s lo ts in the re f lec to r and are locked to i t by means of a 
latching mechanism. When the upper blanket modules are drained, the latching 
mechanism can be deactivated and then the re f lec to r and shie ld i s free to 
rotate about the central axis while the blanket modules remain in place. At 
th i s time the modules are supported on the outer edge and on a central hub. 
Figure IX.2-2 i s a view of the upper blanket from inside the reactor cav i ty 
showing the coolant drain tubes and the vacuum system ducts. In F i g . IX.2-3 
are several views of an upper blanket module. Support studs are shown only at 
one locat ion but in p r inc ip le there can be more of them along the length of 












F ig . IX.2-1 Cross section of reactor cav i ty . 
IX.2-3 
UPPER BLANKET AS VIEWED FROM INSIDE 
























F ig . IX.2-3 Design of an upper blanket module. 
IX.2-5 3 
SiC fabr ic which surrounds the frame en t i re l y . Arrows in the side view i n d i -
cate the d i rec t ion of coolant f low. 
The radia l blanket i s also divided into 30 equal modules. An out l ine of 
a s ingle module and i t s SiC tubes i s superimposed on F ig . IX.2-2 where the 
dotted l ine indicates the f i r s t surface. Each module consists of a d i s t r i -
bution manifold which i s a part of the upper tube support p la te , the SiC tubes 
and the lower rest ra in ing p late. Ten out of the t h i r t y modules have two beam 
ports bu i l t i n . Each module i s attached to the 40 cm thick re f l ector by means 
of 4 equally d is t r ibuted struts welded to the HT-9 support p late. The struts 
have tees machined on the ends which f i t into mi 11ed s lo ts in the re f l ec tor . 
Pu l l i ng up on a module ret racts the st ruts from the s lo ts in the re f lec to r and 
disengages them. 
The maintenance philosophy that has been adopted for the HIBALL cav i t i es 
depends on f ive key features. They are: 
1. The reactor cav i ty i s bu i l t below grade such that the maintenance 
hal l essen t ia l l y s i t s on top of i t as shown in F i g . IX.2-4. 
2. The upper re f lec to r and shie ld are designed to rotate about the 
central axis while the upper blanket remains s ta t ionary . 
3. Upper and radial blanket modules can be removed into the maintenance 
hal l through an access port in the upper sh ie ld . A shielded plug i s 
placed in the port during reactor operation. 
4. The unprotected central hub of the target in jec tor can be pulled out 
from the outside for replacement. 
5. Remote viewing devices (TV camera, e tc . ) can be inserted through the 
central aperture devoted to the target in jec to r . The target in jec tor 
unit can be removed v e r t i c a l l y into the maintenance h a l l . 








F ig . IX.2-4 Cross section showing reactor cavi ty below grade with maintenance 
hall above. 
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In the fol lowing sections we w i l l address spec i f i c aspects of blanket 
ma in ta inab i l i t y , namely, preparation for blanket replacement, remote discon-
nection and connection of coolant 1ines and removal and replacement of blanket 
modules. 
IX.2.2 Preparation for BIanket Maintenance 
In preparing the cavi ty for blanket replacement many preliminary oper-
ations have to be carr ied out. The 1 i s t below enumerates the key operations 
that can be performed during a 24 hour period af ter shutdown while the short 
1ived radio- isotopes, in par t icu lar Mn-56, are decaying. 
• Vacuum ports are valved o f f to prevent contamination of the cryopumps 
with undesirable gasses and the cryosurfaces are warmed up. 
• Beam l ines are iso lated from the cav i ty by valves. 
• The Li^Pbgß i s drained from the cavi ty e n t i r e l y . 
• The L i 1 7 Pb33 coolant i s drained from the re f lec to r and the re f lec to r i s 
hooked up to an aux i l i a ry cool ing system, perhaps of helium gas. The 
re f l ec to r is cooled su f f i c i en t l y to maintain i t s temperature above the 
d u c t i l e - b r i t t l e t rans i t i on l e v e l . This w i l l also keep whatever residual 
L i 1 7 P b g 3 molten and w i l l prevent freezeup of the blanket support systems. 
• The cavi ty i s brought up to atmospheric pressure with a i r . 
• The upper sh ie ld seal between the rotatable and stat ionary shie ld compo-
nents i s disconnected. 
• The plug in the upper sh ie ld access port i s unsealed and removed. 
• The target in jector i s removed and remote viewing devices are inserted in 
i t s pi ace. 
• The mechanical 1atch which 1ocks the upper blanket modules to the re-
f l ector i s deactivated making i t possible to rotate the r e f l e c t o r / s h i e l d . 
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IX.2.3 Disconnecting and Connecting Coolant Lines 
The breeding/cooling material selected for HIBALL, L i 1 7 P b 8 3 i s an 
excel lent solder. We feel we should take advantage of th is fact in designing 
the means for connecting and disconnecting the coolant l i n e s . The idea shown 
in F i g . IX.2-5 i s to make a coupling with a wide enough flange such that the 
L i 1 7 P b 8 3 forms a frozen bar r ie r at the outer periphery. A mechanical la tch i s 
used to apply pressure between the flanges and provide res t ra in t against d i s -
placement. A heater must be provided to melt the connection during d isas-
sembly. On the other hand, because of the high temperature surroundings in 
the v i c i n i t y of the j o i n t , i t may be necesary to ac t i ve ly cool the edges of 
the stat ionary f lange. The coolant i s turned of f to melt the j o i n t . This i s 
t ru ly a remotely maintainable se l f -hea l ing coupling which i s r e l a t i ve l y easy 
to manipulate. 
In a pract ica l sense, for th i s scheme to work ent i re ly automatical ly, the 
fol lowing sequence must be fol lowed: 
Disconnecting a Coolant Jo in t 
. The breeding/cooling material i s drained out. 
. The heater on the flange i s turned on, or a l t e rna t i ve l y , the coolant on 
the flange edge i s turned o f f . 
. The mechanical la tch i s deactuated to release the pressure between the 
f langes. 
. The stat ionary hal f of the jo in t i s retracted to provide clearance for 
uncoupling the j o i n t . 
Connecting a Coolant Jo in t 
. The flanges are aligned and the conical surfaces are mated. The newly 









F ig . IX.2-5 Coolant tube remote jo in ing concept. 
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. The mechanical la tch i s actuated and the jo in t i s immobilized. 
. As the breeding material i s admitted into the header i t forms a frozen 
seal on the edge between the f langes. 
IX.2.4 Replacing Blanket Modules 
Figure IX.2-2 shows the out l ine of the maintenance access port super-
imposed on a view of the upper blanket and F ig . IX.2-6 shows an upper blanket 
module being removed through the access port. 
Following the preparation outl ined in section XI .2 -2 , the upper s h i e l d / 
re f l ec to r is rotated and made to index onto the blanket module to be replaced. 
Once the coolant l i ne i s disconnected, an overhead crane in the maintenance 
hal l equipped with a special f i x tu re i s attached to the upper blanket module. 
In order to decouple the module from i t s supports, i t has to be 1 i f ted up in 
the back and then pulled rad ia l l y outwards. When the support studs c lear the 
s lo ts in the re f l ec to r , the blanket module i s t i l t e d forward as shown in F i g . 
IX.2-6 and i s l i f t e d out of the cav i ty into the reactor h a l l . 
With an upper blanket module removed, the rad ia l blanket module immedi-
ately below i t i s now v i s i b l e through the access port. Another special 
f i x tu re i s attached to i t and i s used to extract i t v e r t i c a l l y through the 
access hatch as shown in F i g . IX.2-7. Af ter the coolant l i ne i s disconnected, 
an upward pull on the module disengages the tee sections on the upper support 
plate struts from the mi 11ed s lo ts in the re f l ec to r . Once engaged, the whole 
module is free to be removed from the cav i t y . 
Replacing the spent modules with new ones en ta i l s reversing the process 
outl ined above. A new radia l blanket module i s inserted into the cav i t y , a t -
tached to the re f lec to r and the coolant l i n e . It i s fol1 owed by a ve r t i ca l 
blanket module which i s also inserted and the appropriate attachments 
F ig . IX.2-6 Cross sect ion showing removal of an upper blanket module. 
F ig . IX.2-7 Cross sect ion showing removal of a radia l blanket module. 
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performed. The upper re f l ec to r / sh ie ld i s then rotated to the next loca t ion 
and the same procedure repeated. 
Although the blanket modules are large and bulky, they are quite 1 ight 
once the breeding material has been drained from them. For example, the mass 
of an upper blanket module i s ~ 1.5 tonnes and a radia l module ~ 1.8 tonnes. 
The mass of the shie ld piug i s ~ 150 tonnes, well within the capacity of the 
overhead crane in the maintenance h a l l . 
When blanket replacement i s completed, the cav i ty must be returned to 
operational s tatus. The upper shie ld i s rotated to a designated loca t ion , the 
access port i s plugged, the seals are secured and the support mechanism which 
locks the upper blanket modules to the re f l ector i s actuated. The cavi ty i s 
now ready for evacuation and i n i t i a t i o n of startup procedures. 
A summary of the a t t rac t ive features of th is maintenance concept i s given 
beiow: 
Summary 
• Preassembled blanket modul es with integral support manifolds and beam 
tubes minimize " in reactor" manipulation. 
• Coolant headers, vacuum pumps and ducts remain undisturbed. 
• Number of coolant connections i s minimized and the designed jo in ts can be 
disconnected remotely with re la t i ve ease. 
• Although bulky, the blanket modules are 1 ight . 
• Operations are l imi ted to simple l inear t rans la t ion and ver t i ca l l i f t i n g . 
• The unprotected central hub of the target in jec tor can be eas i l y removed 
for serv ic ing . 
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X Preliminary Cost Estimates 
X . l Basis for Costing 
The fol lowing 1 i s t enumerates the basis for the cost ing: 
a. Methodology adopted from the US-DOE "Fusion Reactor Design Studies -
Standard Accounts for Cost Est imates," PNL 2648, 
b. Unit costs for the cav i t ies taken from the US-INTOR study, 
c . Driver and beam transport costs by GSI-Darmstadt, 
d. Constant do l la rs used - no escalat ion due to i n f l a t i o n , and 
e. Cost of target factory amortized over 30 years and accounted for in 
the target cos ts . 
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X.2 Driver and Beam Transport 
The cost estimate for the HIBALL dr iver and beam transport system is of a 
preliminary nature and in many cases does not include development costs or 
redundancy of c r i t i c a l elements. 
For the dr iver and beam 1ines, the most cost ly items have been derived 
from current projects which are comparable in s ize or magnitude. The 1inac 
costs are based on the German SNQ project and the superconducting element, on 
the HERA proposal which re l ied mainly on magnet fabr icat ion at FNAL. The 
costs of the induction modules 1inac were based on avai lab le data from the LBL 
fusion 1inac study. Assembly and test ing has been included for the major cost 
items but not for the many smaller systems. It should be mentioned that these 
costs do not re f lec t any optimization or s imp l i f i ca t ion which may resul t from 
more detai led ana lys is . 
Table X.2-1 gives the 1inac costs and Table X.2-2 the costs of the 
transfer r i ng , the f ive condenser r ings, the ten storage rings and al 1 the 
associated beam 1ines. These costs were compiled at GSI-Darmstadt (FRG) and 
are given in DM with the gross values converted to do l la rs at the present 
conversion rate of 2.5 DM per U.S. do l l a r . 
X.2-2 
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Table X.2-1 Li nac Costs 
in MDM 
(DMxlO6) ($x l0 6 ) 
Source and in jec t ion 8 x 3.0 24 
RFQ l inac 0.2 MDM/m x 160 m 32 
27 MHz Wideröe 0.15 MDM/m x 120 m 18 
54 MHz Wideröe 0.15 MDM/m x 208 m 31 
108 MHz Alvarez 0.1 MDM/m x 320 m 32 
324 MHz Alvarez 0.06 MDM/m x 2500 m 150 
Funnel sect ion 1.2 MDM x 7 8 
Debuncher, energy 
+ emitt . meas., beam dump 5 
RF < 108 MHz 1.75 MDM/MW x (20 + 26) 81 
RF 108 MHz 1 MDM/MW x (23 + 72) 95 




A i r condit ion 33 
E l . power d is t r ibu t ion 50 
Safety + communications 8 
Inject ion bui ld ing 
Linac low energy 
Linac high energy 
Equipment bui ld ing 
Operation bui ld ing 
Workshop and stores 
200 DM/m3x60x60x20 m3 
9 kDM/m x 530 m 
13 kDM/m x 2500 m 
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Table X.2-2 Rings and Beam Transport Costs 
(DMxlO6) ($xl06) 
Length of superconducting 
elements 31.4 km 
Cost per m i n c l . vacuum, 
con t ro ls , power supp l ies , 
re f r igerator 38.5 kDM 
Total beam 1ine and r ing cost 1209 
Kickers and septa 1.5 MDM x 42 63 
Switching magnets 0.3 MDM x 36 11 
Beam rotator 4 
Beam combiner 6 
RF syst , in storage rings 5 MDM x 10 50 
Induction l inacs 876 
Timing and controls 35 
Correction dipoles 0.7 x 80 56 
Final focusing 3.5 x 80 280 
Remote handling equipment 10 
Cooling plant + d is t r ibu t ion 130 
2730 
Ring tunnels 10 kDM/m x 14.7 km 147 
Transport tunnels 5 kDM/m x 24 km 120 
U t i l i t y bui ldings for rings 10 MDM x 4 40 
Refr igerator + power supply 
bui ldings 3 MDM x 20 60 
Maintenance bui lding 40 
3137 1254.8 
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X.3 Cavi t ies 
In the reactor cav i t ies at the present level of design, the costing 
procedure consists simply of ca lcu la t ing the masses of materials used in the 
cavi ty and applying a unit cost which i s based on a completely fabr icated 
product. In places where such a method i s imprac t ica l , for example in the 
area of cryopumps or cryogenerators, algorithms are used which re late the cost 
to the capacity of the system. 
The unit costs and cost algorithms used in th is study are derived from 
the guidelines adopted for INTOR. Prices given re f lec t only the material and 
fabr icat ion costs . Engineering, assembly and contingency are assessed as a 
percentage of the d i rect cos ts . 
Table X.3-1 gives the unit costs used in the cav i t ies and Table X.3-2 
summarizes these costs . 
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10 cm diam. INPORT tubes $/unit 5660 
3 cm diam. INPORT tubes $/unit 865.4 
Upper blanket modules $/kg 1500 
Beam ports $/kg 1500 
HT-9 Structure $/kg 45 
L i 1 7 P b 8 3 $/kg 4.5 
2. Ref lector and Liner 
HT-9 $/kg 20 
3. Shield 
Structure $/kg 10 
Concrete $/m3 250 
4. Vacuum System 
Valves $/unit 70,000 
Cryopanels (algorithm used) 
Root blowers (algorithm used) 
5. Pipes and Headers 
36 cm diam. i n le t p ipes, $/m 10,000 
1.0 m diam. header $/m 20,000 
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Table X.3-2 Summary of Cavity Costs 
$ x 10 6 (1981) $ x 10 6 (1981) 
Blanket 
SiC INPORT tubes 18.384 
Upper blanket 7.155 
Beam tubes 2.777 
HT-9 Radial blanket 1.758 
Upper blanket 1.882 
L i 1 7 P b 8 3 
Reflector and Liner 
20.205 52.161 
HT-9 Ref lector 47.438 
Other l i n e r 1.883 
Bottom drain 2.400 
Upper latching mechanism 1.500 53.221 
Shield 
Structure 73.000 
Concrete 4.471 77.471 
Vacuum System 
Valves (30 + 2 spares) 2.240 
Cryopumps (He) 2.800 
Cryopanels (D 2T 2) 2.880 
Roots blowers 0.800 8.720 
Pi pes and Headers 
Coolant l ines and flanges 2.520 
Headers 2.108 4.628 
TOTAL/CAVITY 196.201 
X.4 Remaining Direct Costs 
The remaining major cost item in the reactor plant i s the main heat 
t ransfer and transport system. This account i s estimated at $560 x 10 6 and i s 
broken down in the fol1owi ng manner: 
Liquid metal pumps 225 x 10 6 
Steam generators 175 x 10 6 
Pipes/dump tanks/cleanup system 160 x 10 6 
In the balance of p lant , i t was assumed that a 1000 acre s i t e w i l l be requi red 
at $5000/acre. The structures and s i t e f a c i l i t i e s take into account that the 
bui ldings for the l i n a c , rings and beam l i ne tunnels are already included in 
section X.2. 
For the turbine plant equipment, the e l e c t r i c plant equipment and the 
miscellaneous plant equipment, we have used the guidel ines provided by PNL-
2987 "Fusion Reactor Design Studies Standard Cost Estimating Rules" prepared 
for the US DOE by Bat te l !e Northwest. Table X.4-1 l i s t s the d i rec t costs for 
the reactor plant and the balance of p lant . 
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X.4-2 
Table X.4-1 Breakdown of Direct Costs 
$ x 10 6 (1981) 
Reactor Plant 
Reactor cav i t ies (4) 
Pe l le t in jectors (4) 
Main heat t ransfer system 
RF l inac 
Transfer r ing (1) 
Condenser rings (5) 
Storage rings (10) 
Induction l inac (20) 







Balance of Plant 
Land and land r ights 5 
Structures and s i t e f a c i l i t i e s 280 
Turbine plant and heat re ject ion 430 
E lec t r i c plant equipment 275 
Miscellaneous plant equipment 50 .1040 
4284 
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X.5 Indirect Costs and Interest During Construction 
As mentioned in section X . l , the guidelines given in PNL 2648 were used 
in a r r i v ing at the ind i rec t costs . 
Since th is economic analysis i s in constant d o l l a r s , the interest during 
construction i s based on a 5% annual deflated cost of c a p i t a l . An 8 year con-
struct ion period was used on the assumption that the d r i ve r , reactor plant and 
balance of plant construction could be ongoing simultaneously. With the 
cap i ta l disbursed according to the c lass i ca l S curve biased to the r igh t , the 
interest during construct ion factor i s 0.17 (PNL 2648). Table X.5-1 gives the 
breakdown of the ind i rec t cost and the interest during construct ion. 
Table X .5 -1 . Indirect Costs and Interest During Construction 
$ x 10 6 (1981) 
Total Direct Costs 4784 
Indirect Costs 
Construction F a c i l i t i e s (15% of TDC) 
Engineering & Cost Management (15% of TDC) 
Owners Costs (5% of TDC) 
Interest During Construction 
5%/Annum Deflated Interest 
8 year Construction Period 
Grand Total Cost 
The net e l e c t r i c power output of HIBALL i s 3768 MWe. Thus the capi ta l cost 
i s : 
Capital Cost = $ 6 7 6 5 X = $1795/kWe . 
3768 x 10° kW 
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X.6 Busbar Costs 
X.6.1 Target Costs 
The cost of the target factory was amortized in the target costs and thus 
does not appear as a d i rect cost . We assumed a $200 x 10 6 target factory cost 
which, a f ter the ind i rec t costs and interest during construction were added 
became $316 x 10 6 . Thus the target cost breakdown i s as fo l lows: 
cents/target 
30 year amortization of target factory 2.4 
Operation and maintenance (2% of capi ta l cost) 1.4 
Interest on capi ta l (10% annual) 7.2 
Material (D 2 , p l a s t i c , e tc . ) 2.0 
Pro f i t 2.0 
15.00 
At a 70% a v a i l a b i l i t y , the number of targets needed for a l l four cav i t ies i s 
4.4 x 108/annum. The annual target cost is thus $66 x 10 6 . 
X.6.2 Operation and Maintenance 
As provided in PNL 2648, the operation and maintenance was taken as 2% of 
the tota l capi ta l cos t , or $135 x 10 6 . 
X.6.3 Component Replacement 
A two year l i fe t ime was taken for the INPORT tubes and the upper blanket 
modules. The annual component replacement cost i s thus $64 x 10 6 . 
X.6.4 Interest on Capital 
A st ra ight 10% annual in terest on capi ta l was used. Table X.6-1 gives 
the busbar cost . 
Table X.6-1 . HIBALL Busbar Costs 
70% a v a i l a b i l i t y 
10% interest on capi ta l 
3768 MWe net power output = 2.31 x 1 0 1 0 kWh/yr 
& (66 x 10 6 + 135 x 10 6 + 64 x 10 6 + 676.5 x 10 6) 1000 m i l l s / $ 
$ :—: :—] TO" 
2.31 x 10 kWh 
= 40.8 mil 1 s/kWh. 
Some of the other recently designed fusion power systems have the fol lowing 
busbar costs : 
Assumptions: 
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I. GENERAL PARAMETERS 
4/29/81 5/8/81 6/30/81 
Average DT power - 17.6 MeV/fusion (MW) 8000 8000 8000 
Target power (MW) 7873.6 7920 7920 
Target mu l t ip l i ca t ion 0.984 0.99 0.99 
Target y i e l d (MJ) 400 400 396 
Ion beam pulse energy (MJ) 4.8 4.8 4.8 
Overall d r iver e f f i c iency {%) 26.5 26.5 26.7 
Target gain 83 83 83 
Fusion gain nG 18.5 18.5 22 
Blanket mu l t ip l i ca t ion 1.27 1.274 1.274 
Total nuclear thermal power (MW) 10149 10193 10193 
Gross power 10233 10233 
Gross thermal e f f i c iency {%) 42 42 42 
Gross e l ec t r i ca l output (MW) 4168 4278 4298 
Recirculat ing power f ract ion 0.2 0.2 0.123 
Net e l ec t r i ca l output (MW) 3309 3309 3768 
# of chambers 4 4 4 
Chamber repet i t ion rate (Hz) 5 5 5 
Chamber geometry cy l i nd r i ca l cy l i nd r i ca l cy l i nd r i ca l 
Chamber diameter (m) 14 14 14 
Chamber height (m) (at vacuum wal l) 10 10 10 
Chamber a l loy HT-9 HT-9 HT-9 
# of beam ports per chamber 20 20 20 
Breeding material P b 8 3 L i 1 7 P b 8 3 L i 1 7 P b 8 3 L i 1 7 
Breeding ra t io 1.25 1.25 1.25 
I I . TARGET PARAMETERS 
4/29/81 5/8/81 6/30/81 
Composition 
D (mg) 1.61 1.6 1.6 
T (mg) 2.42 2.4 2.4 
DT load (mg) 4.0 (2.0) 4.0 (2.0) 4.0 (2.0) 
Material #1 (mg) PbLi 67.1 PbLi 67.1 PbLi 67.1 
Material #2 (mg) Pb 288 Pb 288 Pb 288 
Burnup (%) 30 (60) 30 (60) 30 (60) 
Total mass (mg) 359 359 359 
Configuration (# of she l ls ) 3 3 3 
Target diameter (cm) 0.6 0.6 0.6 
Absorbed ion energy (MJ) 4.8 4.8 4.8 
No burn ign i t ion temperature (keV) 5 5 5 
Fuel pR at ign i t ion (g/cm 2) 2 2 2 
Hot spot pR at ign i t ion (g/cm2) 0.4 0.4 0.4 
Pusher pR at ign i t ion (g/cm 2) 1 1 1 
DT y ie ld (MJ) 400 400 400 
Target y i e l d (MJ) 393.67 396 396 
Target energy mul t ip l i ca t ion 0.984 0.99 0.99 
Average DT power (MW) 8000 8000 8000 
Target power (MW) 7873.6 7920 7920 
Target gain 83 83 83 
Neutron y i e l d (MJ) 284.8 284.8 284.8 
Neutron spectrum, T (MeV) 11.98 11.98 11.98 
Neutron mul t ip l i ca t ion 1.046 1.046 1.046 
Stopping Power (MeV-cm/mg) 
10 GeV Bi + P b C Q l d 40 40 
Bi * PbLi 65 65 
Gamma y ie ld (MJ) 0.6 0.6 0.6 
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4/29/81 5/8/81 6/30/81 
Gamma spectrum, E (MeV) 
X-ray y ie ld (MJ) 
X-ray spectrum - blackbody (keV) 
Debris y ie ld (MJ) 
Debris spectrum (keV/amu) 
Radioact iv i ty production (Ci / target 
@ t = 0) 
Radioact iv i ty production (Ci / target 
@ t = 0.2 sec) 
Target in ject ion veloci ty (m/s) 
Target in jector type 
1.53 1.53 1.53 
87.6 89.5 89.5 
see h is to - see h is to - see histo-
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I I I . TARGET MANUFACTURE AND DELIVERY PARAMETERS 
4/29/81 5/8/81 6/30/81 
Target manufacture 
Production rate (#/s) 








# of targets in storage 
Average target storage time (hr) 
Target del ivery 
Longitudinal posi t ioning 
tolerance (mm) 0.5 
Lateral posi t ioning tolerance (mm) 0.7 
Target ve loc i ty (m/s) 200 
Repetit ion Frequency (Hz) 5 
In jec t ion: 
T y P e gas gun 
Pro jec t i l e (sabot+target) mass (g) 2 
Propel 1 ant gas amount 
(Torr l i t e r s / s h o t ) 608 
Propel 1 ant gas p ? 
Total prop, gas handled (mg/shot) 141 
Buffer cavi ty pressure, min, (Torr) 1 
max, (Torr) 2 
Buffer cavi ty volume (m3) 0.88 
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4/29/81 5/8/81 6/30/81 
Inject ion channel diameter (mm) 10 
Prop, gas entering reactor cavity 
(mg/shot) 1.6 
Gas gun total e f f i c iency 0.5 
Gun barrel diameter (mm) 10 
Pressure of prop, gas reservior (Bar) 5 
Accelerat ion distance (m) 2 
A 
Accelerat ion (m/s 2) 10
4 
Accelerat ion time (ms) 20 
Total target travel time (ms) 80 
Tolerance on total travel time (ms) ±5 
Distance muzzle to focus (m) 12 
Tracking: 
Lateral t racking none 
Longitudinal t rack ing , type 1ight-beam 
intercept ion 
Tracking posi t ion 1, distance from 
focus (m) 5.5 
Tracking posi t ion 2, distance from 
focus (m) 3.0 
Light beam diameter (mm) 0.2 
Precis ion of ar r iva l time 
predict ion (us) +1 
Duration of processing tracking 
resul ts (ms) 1 
A-6 - 3 3 9 -





Veloci ty v (m/s) 
Beta, ß = v/c 
Gamma, y = (1 - ß 2 ) _ 1 / 2 





Ef f i c iency {%) 
Length (km) 
Ef fec t ive voltage drop, UE (GV) 
Beam current during single pulse (mA) 
Single pulse length (ms) 
Length of macro pulse t ra in containing 
450 single pulses (ms) 
Repeti t ion rate of pulse t ra ins (Hz) 
RF duty cycle 
Momentum width, Ap/p 
Source emittance, normalized, (m) 
Linac emittance, normalized, (m) 
Micro-bunch frequency (MHz) 
Pulse length (ys) 
bunch spacing (ps) 
gap between bunches (ys) 
4/29/81 5/8/81 6/30/81 
Bi Bi Bi 
+2 +2 +2 
10 10 10 
9.25 x 10 7 9.25 x 10 7 9.25 x 10 7 
0.309 0.30875 0.30875 
1.051 1.051 1.051 
105.4 107.7 
209 209 209 
El s i re "El s i re" " E l s i r e " 
( ref lex) ( ref lex) 
RF RF Linac RF Linac 
33.5 33.5 33.3 
3.0 3.0 3.0 
5 5 5 
147 155 160 
7.5 7.5 7.5 
20 20 20 
0.16 0.16 0.16 
±5 x 10" 5 ±3 x IO" 5 5 x 10~ 5 
2 x 10" 7 2 x 10" 7 2 x 10" 7 
4 x 10" 7 6 x I O - 7 6 x 10~ 7 
108.4 108.4 108.4 
700 15 15 
35 see f igure see f igure 
1 1 (16) 1 (16) 
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A-7 
Transfer Ring 
In jec t ion , radial stacking 
# turns 
Maximum d i lu t ion factor 
Beam emittance 
horizontal (mm-mrad) 
ver t i ca l (mm-mrad) 
Average dipole f i e l d , TJ (Tesla) 
Average radius (m) 
Circumference (m) 
Revolution frequency (kHz) 
Revolution time (ys) 
Coasting beam current (A) 
# l a t t i c e periods 
vHo 
vVo 
Beam fu l l width (cm) 
horizontal 
ver t i ca l 
Vacuum pressure (Torr) 
Eject ion kicker 
Flat top time (ys) 
Rise time (ys) 
Reset time (ys) 
Kicking angle (mrad) 
Stored energy per shot (kj) 
Average frequency of shots (sec" 1 ) 
Power (kW) (n = 0.2) 
Beam rotator / Bdz (Tesla-m) 
Condenser rings 
# of rings 
4/29/81 5/8/81 6/30/81 
20 3 3 
5 _2 2 
12 12 
2 2 
? 0.159 0.159 
? 663.4 663.4 
? 4168 4168 
? 22.22 22.22 
_35 45 45 
3.4 0.46 0.46 
? 240 (?) 240 (?) 
? 59.85 (?) 59.85 (?) 
? 59.85 (?) 59.85 (?) 
? 2.2 (?) 2.2 (?) 
? 0.9 (?) 0.9 (2) 
< i o - 1 0 g o - 9 ?) g o - 9 ?) 
35 45 45 
< 1 < 1 < 1 
< 15 < 15 
2.5 2.5 
? 0.05 0.05 
200 200 
? 50 50 
330 330 330 
5 5 
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Injection radial stacking 
# of turns 
Maximum d i lu t ion factor 
Beam emittance 
horizontal (mm-mrad) 
ver t i ca l (mm-mrad) 
Average dipole f i e l d , TJ (Tesla) 
Average radius (m) 
Ci rcumference (m) 
Revolution frequency (kHz) 
Revolution time (ys) 
Coasting beam current (a) 
# l a t t i ce periods 
V H 
VV 
Beam fu l l width (cm) 
horizontal 
ver t i ca l 
Vacuum pressure (Torr) 
Eject ion kickers (1 per ring) 
Flat top time (ys) 
Rise time (ys) 
Reset time (ys) 
Kicking angle (mrad) 
Stored energy per shot (kj) 
Average frequency of shots (sec"*) 
Power per CR, n = 0.2 (kw) 
Storage rings 
# of rings 
In ject ion, radial stacking 
# of turns 
Maximum d i lu t ion factor 











80 (?) 80 (?) 
19.85 (?) 19.85 (?) 
19.85 (?) 19.85 (?) 
2.0 (?) 2.0 (?) 
2.2 (?) 2.2 (?) 
< I O " 1 0 < I O " 1 0 
> 15 > 15 
< 1 < 1 





10 10 10 
7 3 3 
4 1.5 1.5 
4/29/81 5/8/81 6/30/81 
Beam emittance 
horizontal (mm-mrad) 
ver t i ca l (mm-mrad) 
Average dipole f i e l d , Tj (Tesla) 
Average radius (m) 
Ci rcumference (m) 
Revolution frequency (MHz) 
Revolution time (ps) 
Coasting beam current (A) 
# of l a t t i c e periods 
vHo 
vVo 
Beam fu l l width (cm) 
horizontal 
ver t i ca l 




I n i t i a l vol ts per turn (kV) 
Final vol ts per turn (kV) 
Rise time (ms) 
I n i t i a l Ap/p 
Final Ap /p 
Final A * 
Final At (ns) 
Separatr ix Ap /p 
Synchrotron f req/revolut ion f req. 
Fast extract ion kickers 
# of kickers per ring 
45 45 
90 90 
? 1.431 1.431 
? 73.7 73.7 
? 463.1 463.1 
0.2 0.2 0.2 
5 5 5 
24 21 21 
? 40 (?) 40 (?) 
? 9.85 (?) 9.85 (?) 
v u v H <^ H 
— n — 
6(or 4) 
3.7 (?) 3.7 (?) 
12(or 8) 5.2 (?) 5.2 (?) 
i o - 1 0 - i o - 1 0 - 1 0 '
1 0 -
l o - 1 1 l o - 1 1 l o - 1 1 
0.4 0.4 0.4 
2 2 2 
2 2 0.1 
200 200 76 
< 0.1 10 10 
5 x 10~ 5 +3 x 10" 5 ±5 x 10" •5 
5 x IO" 4 ±5 x 10" 4 ±5 x 10" •4 
+ 15° + 15° ±15° 
±100 ±100 ±100 
+3 x I O - 3 ±3 x 10" •3 ±3 x 10" • 3 
1/350 1/350 1/350 
2 2 
Kicking angle (mrad) 
Rise, time (ys) 
Flat top time (ns) 
Stored energy per shot (kj) 
Average frequency of shots (s *) 
Power per k icker , n = 0.2 (kW) 
Fast Compression: induction 1inac 




Pul se length (ns) 
Focal length (km) 
A p / p 
Beam 1ines 
Total number-long 
Length (km) per long beam 1ine 
# into each chamber (short) 
Length (km) 
Total length of a l l beam l ines (km) 
Lat t ice period (m) 
Phase advance 
Beam tube inner diameter (cm) 
Beam chamber entry 
Final focusing magnets 
Distance from FFM to target (m) 
Clearance for cavity-beam 1ine 
vacuum pump (m) 
4/29/81 5/8/81 6/30/81 
20 6* 6* 
1.5 1.5 1.5 




100-200 200 200 
160 300 +150 
sawtooth sawtooth sawtooth 
200 200 200 
< 1.16 0.8 0.8 
>±8 x IO" 3 ±5 x 10" 3 ±5 x 10" 
20 20 20 
1.2 1.2 1.2 
80 20 20 
0.3 0.3 0.3 
48 48 48 
? > 2.8 > 2.8 
tt/3 it/3 it/3 
10 8 8 
t r i p l e t quadrupoles quadrupoles 
8.5 8.5 8.5 
2 2 2 
*For 4 cm hor. beam width (space charge). 
4/29/81 5/8/81 6/30/81 
Cavity pump down time between shots 
(ms) 
Beam port dimensions (cm) 
ver t i ca l 
horizontal 
Distance from beam port to target 
(m) 
Final Beams 
# of beams Step 1 
Step 2 
Pulse length (ns) , Step 1 
Step 2 
Par t i c le Current/beam (kA) 
(E lec t r i c current = 2x par t i c le 
current) Step 1 
Step 2 
Pulse energy (MJ) 
Maximum power (TW) 
Pulse repet i t ion rate (Hz) 
Focused spot diameter (mm) 
Focused spot area (mm2) 
Unnormalized emittance per beam 
(mm-mrad) 
ver t i ca l 
horizontal 
Normalized emittance per beam 
(mm-mrad) 
ve r t i ca l 
horizontal 
150 150 150 
85 103 103 
25 34.3 34.3 
7 7.28 7.27 
20 20 20 
20 20 20 
1.2 1.25 1.25 
5 4.8 5.0 
250 250 250 
20 20 20 
fi 6 6 
28.3 28.3 28.3 
120TT 90tt 90tt( 120tt1 
30tt 45tt 45tt(30tt) 
58tt 29tt 29tt 
17.4-rr 15tt 15tt 
V. "CAVITY" REGION PARAMETERS 
4/29/81 5/8/81 6/30/81 
Coolant and breeding material 
L i -6 enrichment, % 
Tube Region 
Inport tube structural material 
and v/o 
Inport tube coolant v/o 
Tube region support structure v/o 
Fi rst surface radius (m) 
Region thickness (m) 
Region density factor 
Ef fect ive coolant thickness (m) 





Fi rst two rows 
Wall thickness (mm) 
Remainder 
Wall thickness (mm) 
Number 
Fi rst two rows 
Remainder 
Number of penetrations in region 
Total area of beam penetrations at 
f i rst surface (m2) 
Pb at . density - x l O " 1 0 atom/cm3* 
P b 8 3 L i 1 7 P b 8 3 L i 1 7 P b 8 3 L i 1 7 
natural natural natural 
HT9-0.7 HT9-0.7 HT9-0.7 
SiC-2 SiC-2 SiC-2 
97.3 97.3 97.3 
HT9-0.7 HT9-0.7 HT9-0.7 
5 5 5 
2 2 2 
0.33 0.33 0.33 
0.66 0.66 0.66 
2295 2295 2295 
10 10 10 
3 3 3 
0.8 0.8 
10 10 10 
2 2 
1230 1230 1230 
3060 3060 3060 
20 20 20 
3.6 3.6 3.6 
4 4 4 
Just before shot. 
A-13 
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Noncondensible at . density @ 500°C -
x 1 0 " 1 0 atoms/cm3 
Pressure - Torr 
Chamber top 
Structural material and v/o 
Coolant v/o 
Height at chamber center l ine (m) 
Region thickness (m) 
Mass of coolant in top cavity 
(tonnes) 
Number of penetrations in top region 
Total area of penetrations at chamber 
inner surface (m2) 
Chamber bottom pool 
Structural material and v/o 
Coolant v/o 
Height at chamber center l ine (m) 
Region thickness (m) 
Mass of coolant in bottom pool/ 
cavi ty (tonnes) 
Maximum 1st surface neutron energy 
current - at chamber midplane (MW/rrr) 
Neutrons passing through each beam l ine 
penetration per shot 
Maximum tota l 1st surface X-ray and 
debris heat f lux (J/cm 2) 
DT power per cavi ty (MW) 




4/29/81 5/8/81 6/30/81 
0.13 0.13 0.13 
< IO" 4 < IO" 4 < 10" 4 
HT-9 1 HT-9 1 HT-9 1 
SiC 2 SiC 2 SiC 2 
97 97 97 
6.5 6.5 6.5 
0.5 0.5 0.5 
717 717 717 
1 1 1 
smal 1 "smal l " "smal l " 
100 100 100 
5 5 5 
1.0 1.0 1.0 
1448 1448 1448 
4.54 4.54 4.54 
8.14X10 1 6 8 .14x l0 1 6 8.14X10
1 6 
34.5 34.5 34.5 
2000 2000 2000 
1667.4 1667.4 1667.4 
1097.1 1097.1 1097.1 
293.1 293.1 293.1 
277.2 277.2 277.2 
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Total power in cav i ty , including X-rays 
and debris (MW) 
Energy m u l t i p l i c a t i o n ^ ) 
n & Y energy mu l t i p l i ca t i on^ 2 ) 










Peak/average spat ia l power density 
in tube region 
Impulse on f i rst row of tubes 
(dyne-sec/cm 2) 
Amount of coolant blown off per 
shot (kg) 








4/29/81 5/8/81 6/30/81 
2208.7 2208.7 -2208.7 
1.1 1.1 1.1 
1.17 1.17 1.17 
3.44 3.44 3.44 
4.41 4.41 4.41 
2.20 2.20 2.20 
2.21 2.21 2.21 
3.51 3.51 3.51 
1.89 1.89 1.89 
1.62 1.62 1.62 
1.80 1.80 1.80 
1.06 1.06 1.06 
0.74 0.74 0.74 
4.87 4.87 4.87 
600 600 600 
13 13 13 
118 118 118 
70 70 70 
33.5 33.5 33.5 
29.6 29.6 29.6 
(^Tota l energy deposited in region/Dt y i e l d 
( 2 ) Total n & Y energy deposited in region/n & Y energy incident on 1st surface. 
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Trit ium breeding rat io 









Inlet temperature (°C) 
Outlet temperature (°C) 
Flow rate/cav i ty (kg/hr) 
Maximum ve loc i ty within tubes in 
f i rs t two rows (m/s) 
4/29/81 5/8/81 6/30/81 
1408 1408 1408 
833 833 833 
273 273 273 
216 216 216 
3705 3705 3705 
2192 2192 2192 
353 353 353 
274 274 274 
1.216 1.216 1.216 
1.190 1.190 1.190 
0.729 0.729 0.729 
0.226 0.226 0.226 
0.235 0.235 0.235 
0.026 0.026 0.026 
0.081 0.081 0.081 
0.004 0.004 0.004 
0.004 0.004 0.004 
330 330 330 
500 500 500 
2.7 x 10 8 2.94 x 10 8 2.94 x 10; 
5 5 5 
A-16 - 3 4 9 -
4/29/81 5/8/81 6/30/81 
Maximum ve loc i ty within tubes not in 
the f i r s t two rows (m/s) 1.3 1.3 1.3 
Pressure (MPa) 0.2 0.2 0.2 
AP for ent i re loop (MPa) 2.0 2.0 2.0 
Pumping power del ivered to coolant 
per cavity (MW) 17.7 17.9 17.9 
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VI. "NON-CAVITY" REGION PARAMETERS 
4/29/81 5/8/81 6/30/81 
A. Vacuum Boundary Wall 
Structural material 
Side wall 
Inside diameter (m) 
Thickness (m) 
Height (m) 
Top l i ne r 
Height above midplane (m) 
at center l ine 
at side wal 1 
Thickness 
Maximum neutron wall loading (MW/m2) 
- side wall at midplane 




Top l i ne r 
neutron 
gamma 
n & Y energy mu l t ip l i ca t ion 
Power deposited in vacuum wal 1 / 
cav i ty (MW) 
Side wall 




HT-9 HT-9 HT-9 
14 14 14 
0.01 0.01 0.01 
12.0 12.0 12.0 
7.0 7.0 7.0 
6.0 6.0 6.0 
0.01 0.01 0.01 
0.032 0.032 0.032 
1.65 1.65 1.65 
1.22 1.22 1.22 
0.097 0.097 0.097 
I. 13 1.13 1.13 
3.07 3.07 3.07 
0.20 0.20 0.20 
2.87 2.87 2.87 
0.008 0.008 0.008 
I I . 0 11.0 11.0 
6.2 6.2 6.2 
4.8 4.8 4.8 
2.69 2.69 2.69 
4.98 4.98 4.98 
Peak instantaneous DPA rate (DPA/s) 
- side wal 1 at midplane 
Maximum H production (appm/FPY) 
Side wal 1 
Top 1iner 
Maximum He production (appm/FPY) 
Side wall 
Top l i ne r 
Peak instantaneous He production rate 
(appm/s) - side wall at midplane 
Maximum temperature (°C) 
Expected l i fe t ime (FPY) 
Radioact iv i ty at shutdown (Ci) 
B. Ref lector 
Structural material 
Coolant 
Side re f lec tor 
Inside diameter (m) 
Thickness (m) 
Mass of structure (tonnes) 
Mass of coolant (tonnes) 
v/o of structure 
v/o of coolant 
Top re f lec tor 
Thickness (m) 
Mass of structure (tonnes) 
Mass of coolant (tonnes) 
v/o of structure 
v/o of coolant 
Bottom of re f lec tor (splash plate) 
Thickness (m) 
Mass of structure (tonnes) 
4/29/81 5/8/81 6/30/81 
0.009 0.009 0.009 
1-38 1.38 1.38 
3.20 3.20 3.20 
0.364 0.364 0.364 
0.862 0.862 0.862 
0.11 0.11 0.11 
? 1520 1520 
? 20 20 
? ? ? 
HT-9 HT-9 HT-9 
P b 8 3 L i 1 7 P b ^ L i 1 7 P b ? ? L i n 
14.02 14.02 14.02 
0.4 0.4 0.4 
1530 1530 1530 
205 205 205 
90 90 90 
10 10 10 
0.4 0.4 0.4 
432 432 432 
58 58 58 
90 90 90 
10 10 10 
0.4 0.4 0.4 
484 484 484 
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A-19 
Mass of coolant (tonnes) 
v/o of structure 
v/o of cool ant 
Total mass of structural material in 
re f lec to r / cav i t y (tonnes) 
Total mass of coolant in re f lec to r / 
cav i ty (tonnes) 
n & Y energy mu l t ip l i ca t ion 
Average power density (W/cm ) 
Side re f lec tor 
neutron 
gamma 
Top re f lec tor 
neutron 
gamma 
Bottom re f lec tor (splash plate) 
neutron 
gamma 
Peak/average spat ial power density 
- in side re f lec tor 





Side re f lec tor 
Top re f lec tor 
Bottom re f lec tor 
Average DPA/FPY 
Side re f lec tor 
Top re f lec tor 
Bottom re f lec tor 
4/29/81 5/8/81 6/30/81 
65 65 65 
90 90 90 
10 10 10 
2446 2446 2446 
328 328 328 
0.223 0.223 0.223 
0.941 0.941 0.941 
0.939 0.939 0.939 
0.082 0.082 0.082 
0.857 0.857 0.857 
1.465 1.465 1.465 
0.127 0.127 0.127 
1.338 1.338 1.338 
0.257 0.257 0.257 
0.023 0.023 0.023 
0.234 0.234 0.234 
4.577 4.577 4.577 
318.3 318.3 318.3 
211.1 211.1 211.1 
91.4 91.4 91.4 
15.8 15.8 15.8 
2.43 2.43 2.43 
4.50 4.50 4.50 
1.36 1.36 1.36 
0.41 0.41 0.41 
0.73 0.73 0.73 
0.125 0.125 0.125 
4/29/81 5/8/81 6/30/81 
Maximum H production in structural 
material (appm/FPY) 
Side re f lec tor 1.15 1.15 1.15 
Top re f lec tor 2.68 2.68 2.68 
Bottom re f lec tor 0.026 0.026 0.026 
Average H production in structural 
material (appm/FPY) 
Side re f lec tor 0.17 0.17 0.17 
Top re f lec tor 0.41 0.41 0.41 
Bottom re f lec tor 0.004 0.004 0.004 
Maximum He production in structural 
material (appm/FPY) 
Side re f lec to r 0.300 0.300 0.300 
Top re f lec tor 0.715 0.715 0.715 
Bottom re f lec tor 0.006 0.006 0.006 
Average He production in structural 
material (appm/FPY) 
Side re f lec tor 0.032 0.032 0.032 
Top re f lec tor 0.96 0.96 0.96 
Bottom re f lec tor 0.006 0.006 0.006 
Trit ium breeding rat io 0.034 0.034 0.034 
6 L i 0.034 0.034 0.034 
Side 0.022 0.022 0.022 
Top 0.010 0.010 0.010 
Bottom 0.002 0.002 0.002 
7 L i 4 x IO" 6 4 x IO" 6 4 x IO" 6 
Side 2 x I O - 6 2 x 10" 6 2 x I O - 6 
Top 2 x I O - 6 2 x 10~6 2 x 10~6 
Bottom 0 0 0 
Coolant 
Mass of coolant within re f lec tor per 
cavi ty (tonnes) 328 328 328 
A-21 •354 
4/29/81 5/8/81 6/30/81 
Flow rate/cav i ty (kg/hr) 3.7 x 10
7 4.4 x 10 7 4.4 x 10 7 
Inlet temperature (°C) 330 330 330 
Outlet temperature (°C) 500 500 500 
Maximum coolant ve loc i ty (m/s) 1 1 1 
Pressure (MPa) 2 2 2 
AP for ent i re loop (MPa) 0.7 0.7 0.7 
Pumping power delivered to coolant per 
cavi ty (MW) 1 1 1 
Maximum structure temperature (°C) 550 550 550 
C. Shield 
Structural material and v/o concrete concrete concrete 
95 95 95 
Coolant and v/o HoO 5 
C. 
H20 5 H20 5 
Side shie ld 
Inside diameter (m) 14.82 14.82 14.82 
Thickness (m) 3.5 3.5 3.5 
Top shie ld 
Height above midplane at center l ine 
(m) 7.41 7.41 7.41 
Thickness (m) 3.5 3.5 3.5 
Bottom shie ld 
Height beiow midplane (m) 6.40 6.40 6.40 
Thickness (m) 3.5 3.5 3.5 
Maximum power density at midplane 
(W/cm3) 0.045 0.045 0.045 
Average power density (W/cm0) 0.0018 0.0018 0.0018 
Power deposited in sh ie ld /cav i ty (MW) 6.82 6.82 6.82 
power deposited in neutron & debris . 
dump per beam 1ine (MW) ? ? ? 
Energy f lux at outer surface of shield 
at midplane (W/cm2) 
1 .52X10 - 1 7 1.52X10 1 7 neutron 1 .52x lO
w 
gamma 




Peak DPA rate in F.F. magnet s t a b i l i z e r 
(DPA/FPY) 
Peak radiat ion dose rate in F.F. 
insulator magnets (Rad/FPY) 
Peak power density in F.F. magnets 
(W/cm3) 
Coolant 
Inlet temperature (°C) 
Outlet temperature (°C) 
Flow rate per cavity (kg/hr) 
Maximum veloc i ty (m/s) 
Pressure (MPa) 
AP in ent i re loop (MPa) 
Pumping power delivered to coolant/ 
cav i ty (MW) 
Peak structure temperature (°C) 
4/29/81 5/8/81 6/30/81 
2.38X10" 1 0 2 .38X10" 1 0 2 .38X10" 1 0 
2.64 2.64 2.64 
1.4X1Q-5 1.4X1Q-5 1.4X1Q-5 
2.64 2.64 2.64 
4.48X10" 6 4 .48X10 - 6 4.48xl0~ 6 
7.2 x 10 6 7.2 x 10 6 7.2 x 10 6 
5.35X10" 7 5.35X10" 7 5 . 35x l0 - 7 
45 45 45 
60 60 60 
3.25X10 5 3.6 x 10 5 3.6 x 10 5 
1 1 
0.5 0.5 0.5 
0.2 0.2 0.2 
1.25 1.4 1.4 
60 60 60 
A-23 
VII . BALANCE OF PLANT 
Steam temperature (°C) 
Steam pressure (MPa) 
Steam flow rate (kg/hr) 
Feedwater temperature (°C) 
Reheat temperature (°C) 
Steam generator surface area (m ) 
4/29/81 5/8/81 6/30/81 
482 482 482 
15.5 15.5 15.5 
1.9 x 10 7 1.8 x 10 7 1.8 x 10 
300 300 300 
482 482 482 
5.2 x 10 4 5.2 x 10 4 5.2 x 10 
A-24 
VII I . SYSTEM PARAMETERS 
4/29/81 5/8/81 6/30/81 
Average DT power per cavity (MW) 2000 2000 2000 
Total power recoverable per cavity (MW) 2538.2 2548 2548 
System energy mu l t ip l i ca t ion 1.27 1.274 1.274 
Total pumping power delivered to coolant 
per cavity (MW) 20 20 20 
Gross power per cavity (MW) 2558.2 2558.2 2558 
Gross power per 4 cav i t ies (MW) 10233 10233 10233 
Gross thermal e f f i c iency (%) 42 42 42 
Gross plant output (MWe) 4298 4298 4298 
Recirculat ing power (MWe) 827 827 530 
Driver system 467 467 375 
Linac 313 313 300 
Storage rings 
Beam handling 154 154 75 
Final focusing 
Target manufacture and del ivery (MW) ? ? ? 
Coolant pumps 160 110 110 
Vacuum pumps 5 
Plant aux i1 iar ies 40 
Net plant output (MWe) ? ? 3768 
Net plant e f f i c iency (%) ? ? 36.8 
A-25 — 358 — 
IX. TRITIUM PARAMETERS (FOR 29% BURNUP) 
Material inserted per shot 
D - target (mg) 
(# of atoms) 
T - target (mg) 
(# of atoms) 
Li - target (mg) 
(# of atoms) 
Pb - target (mg) 
(# of atoms) 
Bi - ion beam (mg) 
(# of atoms) 
Li - INPORT (g) 
(# of atoms) 
Pb - INPORT (g) 
(# of atoms) 
Nonvolati les (mg) 
(# of atoms) 
Total (mg) 
Total # of atoms 
D 2 (target in jector) mg/shot 
# of atoms 
Total D, T, D2 (mg) 
(# of atoms) 
Fract ional burnup, f b = T D / (T b + T p) 
Material pumped per shot 
D - ta rget , unburned (mg) 
(# of atoms) 
T - ta rget , unburned (mg) 
4/29/81 5/8/81 6/30/81 
1.61 1-6 1-6 
4 .856X10 2 0 4.8 x 1 0 2 0 4.8 x 1 0 2 0 
2.42 2.4 2.4 
4 .856X10 2 0 4.8 x 1 0 2 0 4.8 x 1 0 2 0 
26.5 26.5 26.5 
2 . 3 0 X 1 0 2 1 2.30X10 2 1 2 .30x l0~ 2 1 
329 329 329 
9 . 5 6 X 1 0 2 0 9 . 5 6 X 1 0 2 0 9 . 56x l 0 2 0 
1.0 x 10" 3 1.0 x IO" 3 1.0 x 10~3 
3.0 x 1 0 1 5 3.0 x 1 0 1 5 3.0 x 1 0 i b 
79 79 79 
6.85X10 2 4 6 . 8 5 X 1 0 2 4 6 . 85x l 0 2 4 
13200 13000 13000 
3.8 x 1 0 2 5 3.8 x 1 0 2 5 3.8 x 1 0 2 5 
1.36 x 10 4 1.4 x 10 4 1.4 x 10 4 
4.52X10 2 5 4.52X10 2 5 4 . 5 2 x l 0 2 5 
1.36X104 1.36X104 1-36X104 
4.52X10 2 5 4.52X10 2 5 4 . 5 2 x l 0 2 5 
.940 1.6 1.6 , 
2.83X10 2 0 4.8 x 1 0 2 0 4.8 x 10 2 C 
2.888 5.6 5.6 
7.52X10 2 0 1 .44x l0 2 1 1.44 x 10' 
.29 .29 .29 
1.146 1.1 1-1 
3 . 4 4 X 1 0 2 0 3.4 x 1 0 2 0 3.4 x 10 2 1 
1.719 1.7 1-7 
A-26 — 359 — 
(# of atoms) 
D 2 (target in jector) - mg/shot 
- # atoms 
T - lost from coolant (mg) 
(# of atoms) 
He-DT fusion reaction (mg) 
(# of atoms) 
He-T decay (mg) 
(# of atoms) 
He-T production (mg) 
(# of atoms) 
He - tota l (mg) 
(# of atoms) 
Bi - ion beam (mg) 
(# of atoms) 
Li - not condensed (mg) 
(# of atoms) 
Pb - not condensed (mg) 
(# of atoms) 
Nonvolati les (mg) 
(# of atoms) 
Total (D, T, He, Do Target i n j . ) 
Total # of atoms 
# of shots per chamber per second 
# of chambers 
Total condensibles pump rate/chamber 
(g/s) 
Total noncondensibles pump rate/chamber 
(g/s) 
Cavity pressure (Torr @ 0°C) 
Coolant breeding region 
Breeding material 
4/29/81 5/8/81 6/30/81 
3 .44x l0 2 0 3.4 x 1 0 2 0 3.4 x 1 0 2 0 
.940 1.6 1.6 
2.83X10 2 0 4.8 x 1 0 2 0 4.8 x 1 0 2 0 
.877 . .88 .88 
1.76X10 2 0 1.76X10 2 0 1.76X10 1 0 
.942 .94 .94 
1 .41X10 2 0 1.4 x 1 0 2 0 1.4 x 1 0 2 0 
1,3 y I""9 _ 1.3 v in-9 
1.9 x 1 0 1 1 1.9 x 1 0 1 1 1.9 x 1 0 1 1 
1.17 1.17 1.17 
1.76X10 2 0 1.76X10 2 0 1.76X10 2 0 
2.11 2.11 2.11 
3 . 1 7 X 1 0 2 0 3 . 1 7 X 1 0 2 0 3 . 1 7 X 1 0 2 0 
1.0 x 10" 3 1.0 x 10" 3 1.0 x K T 3 
3.0 x 1 0 1 5 3.0 x 1 0 1 5 3.0 X 1 0 1 5 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
6.79 7.39 7.39 
1.46X10 2 1 1 .65X10 2 1 1 .65X10 2 1 
5 5 5 
4 4 4 
0 0 0 
3.4 x 10~ 2 .037 .037 
IO" 4 IO" 4 
P b 8 3 L 1 1 7 P b 8 ? L 1 1 7 P b 8 3 L 1 1 7 
A-27 — 360-
Flow rate for one chamber (kg/hr) 
Breeder mass within one chamber (kg) 
Total breeder mass for a l l 
chambers (kg) 
Inlet temperature (°C) 
Outlet temperature (°C) 
Breeding rat io 
Steady state t r i t ium concentration 
(wppm) 
Trit ium pressure (Torr @ 0°C) 
Weep rate (kg/hr) 
Extractor 
Inlet temperature (°C) 
Outlet temperature (°C) 
Inlet concentration (wppm) 
Outlet concentration (wppm) 
Extract ion method 
Size of extractor 
Mass of breeding material within 
extractor (kg) 




Wall thickness (mm) 
Primary in le t temperature (°C) 
Primary outlet temperature (°C) 
Secondary in le t temperature (°C) 
Secondary outlet temperature (°C) 
Secondary pressure (MPa) 
Surface area (m2) 
4/29/81 5/8/81 6/30/81 
2.7 x 10 8 3.38 x 10 8 3.38 x 10
8 
4.78 x 10 6 4.46 x 10 6 4.46 x 10
6 
1.91 x IO7 1.78 x 10 7 1.78 x 10
7 
330 330 330 
500 500 500 
1.25 1.25 1.25 
6.1 x IO" 4 6.1 x 10" 4 6.1 x 10"
4 
IO" 4 IO" 4 IO"
4 
In s i tu In s i tu In s i t u 








5.2 x 10 4 5.2 x 10 4 
A-28 — 361 — 
Trit ium permeation rate to H20 (C i /s ) 
Tri turn inventory - steady state 
Breeding material - 4 cav i t ies 
Reactor chamber - kg 
Reflector - kg 
Cryopumps (2 hr on- l ine) - kg 
Cryogenic d i s t i l l a t i o n columns (kg) 
Fuel cleanup (kg) 
Structural materia^ and piping (kg) 
Steam generator piping (kg) 




Total bui lding volume (m3) 
Volume of reactor & aux i l i a r i es (m3) 
Cleanup volume (m3) 
Containment pressure (Torr @ 0°C) 
Time for t r i t ium cleanup (hr) 
4/29/81 5/8/81 6/30/81 
.38 .38 
.011 0.11 0.11 
7.9 x I O - 4 7.9 x IO" 4 7.9 x IO" 4 
.374 .37 .37 
.157 .16 .16 
.042 .042 .042 
12.5 12.5 12.5 
13.08 13_1 13.1 
1.3 x 10 8 1.3 x 10 8 1.3 x 10: 
